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ENGLISH SUMMARY 
In order to reduce the overall energy and resource intensities of buildings and to 
support the shift towards more sustainable built environment, it is vital that state-of-
the-art HVAC technologies evolve to address emerging challenges. 
Airborne heating systems may offer a great potential in terms of flexible control of 
indoor environments, and thereby reducing the energy use. However, a number of 
existing constraints, mainly related to the provision of the desirable thermal conditions 
in individual rooms in a building, hinder successful implementation and operation of 
such heating systems in European residential buildings.  
The objective of this PhD study is to develop a new combined ventilation and heating 
system for residential buildings, further referred to as heat valve ventilation (HVV) 
system, and to demonstrate the ability of the system to improve the control of thermal 
conditions in individual rooms in a building.  
This thesis presents the development, analysis and performance evaluation of the 
proposed system in a laboratory environment and in a real-life building. In addition, 
numerical simulations were performed to evaluate the performance of two types of 
the supply air terminal devices intended for application in newly developed HVV 
system. 
To enable the control of air temperature on a room level, the use of an air distribution 
box, called a manifold, containing a centralized heating coil and heat valves was 
proposed in the system. By the means of the heat valves the temperature of air could 
be controlled separately in each of the supply ducts in a range between 25°C and 52°C. 
Experimental results demonstrated that the HVV system was able to regulate 
independently the temperature of the air supplied to each of the served rooms at the 
constant supply airflow rate, thereby satisfying various demands regarding the desired 
air temperature in all rooms. 
Concerning targeting of the HVV system energy use, the results showed that the total 
power used by the system could be minimized based on the operational parameters. 
For the reference single-family house simulated in the experiment, the minimum 
power use of the system occurred at the supply air temperature of 52°C and the supply 
airflow rate of 56 l/s, which corresponded to 0.6 air changes per hour.  
Regarding the performance quantified in terms of the provided thermal conditions, 
the CFD simulations showed that the HVV system could avoid temperature 
stratification and draught inside the occupied zone for the wide range of the boundary 
conditions.  
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In terms of application in a real-life building, the main limitation of the HVV system 
is the capacity of the system, bounded by both the energy efficiency and the provision 
of the desirable indoor thermal conditions. In addition, the maintenance of the 
desirable air temperature in individual rooms is contingent on the internal door 
opening patterns. 
Keywords: HVAC system, energy saving, thermal comfort, mechanical ventilation, 
air heating, valve
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DANSK RESUME 
For at bygningers samlede energi og ressource forbrug kan reduceres og understøtte 
den bæredygtige omstilling af det byggede miljø, er det vigtigt, at den nye HVAC-
teknologi hele tiden udvikler sig for at imødekomme nye udfordringer. 
Luftbårne varmesystemer har et stort potentiale i forhold til fleksibel kontrol af 
indeklima og derved reducering af energiforbruget. Imidlertid er der en række 
eksisterende begrænsninger, som hovedsagligt er relateret til de ønskede termiske 
forhold på rumniveau i en bygning, der hindrer vellykket implementering og drift af 
sådanne varmesystemer i europæiske boliger. 
Formålet med dette phd-studie er at udvikle et nyt kombineret ventilations- og 
luftvarmesystem til boliger, som kaldes heat valve ventilation (HVV) system og at 
demonstrere systemets evne til at forbedre regulering af termiske forhold på 
rumniveau. 
Denne afhandling præsenterer udviklingen, analysen og evaluering af ydeevnen af det 
foreslåede system. Systemet er undersøgt både i laboratoriemiljø og i en bolig i drift. 
Derudover er der udført numeriske simuleringer for at evaluere ydeevnen for to typer 
af tilluftsventiler beregnet til anvendelse i det nyudviklede HVV-system. 
For at muliggøre regulering af lufttemperaturer på rumniveau er der brugt en 
luftfordelingsboks, kaldet en manifold, som indeholder et centralt opvarmningsbatteri 
og varmeventiler i systemet. Ved hjælp af varmeventilerne kan lufttemperaturen 
reguleres separat i hver af forsyningskanalerne i et område mellem 25° C og 52° C. 
Eksperimentelle resultater demonstrerer, at HVV-systemet er i stand til uafhængigt at 
regulere temperaturen af den luft, der tilføres til forskellige rum på grund af den 
konstante tilførselsluftmængde. På denne måde kan der opfyldes forskellige behov for 
lufttemperatur i forskellige rum. 
Hvad angår målet om et minimalt energiforbrug viser resultaterne, at den samlede 
effekt, der bruges af systemet, kan minimeres baseret på de operationelle parametre. 
Vedrørende undersøgelsen i enfamiliehuset, der blev simuleret i eksperimentet, skete 
den minimale effektanvendelse af systemet ved indblæsningstemperaturen på 52° C 
og tilluftstrømning på 56 l / s. 
Med hensyn til ydeevnen, der er kvantificeret i forhold til de tilvejebragte termiske 
betingelser, viser CFD-simuleringerne, at HVV-systemet kan undgå 
temperaturstratificering og træk inden i opholdszonen for det brede område af 
grænseforholdene. 
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Med hensyn til anvendelse af systemet, i den undersøgte bolig, er den primære 
begrænsning af HVV-systemets kapacitet afgrænset af både energieffektiviteten og 
tilvejebringelsen af de ønskede termiske forhold indendørs. Derudover er 
opretholdelsen af den ønskede lufttemperatur på rumniveau afhængig af de 
indvendige døråbningsmønstre. 
Keywords: HVAC system, energibesparelse, termisk komfort, mekanisk ventilation, 
luftopvarmning, ventiler
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NOMENCLATURE 
ABBREVIATIONS 
ACH Air change per hour 
ATD  Air terminal device 
CAV Constant air volume 
CFD Computational fluid dynamic 
COP  Coefficient of performance 
CO2 Carbon dioxide 
DCV Demand controlled ventilation 
EPBD Energy performance of buildings directive 
GHGs Greenhouse gases 
HVAC Heating, ventilation and air conditioning 
HVV Heat valve ventilation 
ISO International organization for stansardization 
PI Proportional-integral control 
SPF Specific fan power  
U-value Heat transmittance coefficient  
VAV Variable air volume 
ZEB Zero energy building 
 
LATIN LETTERS 
cp,a  Specific heat capacity of air [J/(kg∙K)] 
cp,w  Specific heat capacity of water [J/(kg∙K)] 
k Coverage factor 
P Heating power provided by heating system [W] 
qv Volumetric flow rate [m
3/s] 
hinlet_air  Specific enthalpy of air at the inlet to the manifold [J/kg] 
houtlet_air  Specific enthalpy of air at the outlet to the manifold [J/kg] 
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hinlet_water  Specific enthalpy of water at the inlet to the heating coil [J/kg] 
houtlet_water  Specific enthalpy of water at the outlet to the heating coil [J/kg] 
Pfan  Energy used by the fan [W] 
Pheat_source  Energy used by the heat source [W] 
Pi  Heating power delivered to i-th room [W] 
Psystem  Total energy used by the HVV system [W] 
Q̇ Actual heat transfer rate [W] 
Q̇ air  Air heat transfer rate [W] 
Q̇ max  Maximum possible heat transfer rate [W] 
Q̇ water  Water heat transfer rate [W] 
q̇m_air,j  Air mass flow rate in j-th supply duct [kg/s] 
q̇m_water  Water mass flow rate [kg/s] 
q̇v  Total airflow rate delivered by the fan [m
3/s] 
q̇v,i  Airflow rate supplied to i-th room [m
3/s] 
q̇v_water  Water volumetric flow rate [m
3/s] 
TC Temperature of cold reservoir [K] 
TH Temperature of hot reservoir [K] 
Tinlet_water  Temperature of water at the inlet to the heating coil [°C] 
Toutlet_water  Temperature of water at the outlet to the heating coil [°C] 
Troom,i  Temperature of air in i-th room [°C] 
Tsupply_air, i  Temperature of supply air to i-th room [°C] 
 
GREAK LETTERS 
Δp  Total pressure increase in the fan [Pa] 
ΔT  Temperature difference [°C] 
ε Effectiveness [-] 
η Fan efficiency [-] 
ρa Density of air [kg/m
3] 
ρw Density of water [kg/m
3] 
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CHAPTER 1. INTRODUCTION  
The introductory chapter presents the motivation underpinning the choice of research 
approach and design, along with the description of the research problems, the 
objectives of the study, the significance and the limitations of the study, the outline of 
the thesis and the list of papers published in relation to the study. 
 
1.1. MOTIVATION 
Buildings and climate: status and potential 
Different sources estimate greenhouse gases (GHGs) emissions from the building 
sector to represent approximately 30% of emissions worldwide, according to the 
United Nations Environment Programme [1]. The International Energy Agency also 
estimates that buildings are the largest energy-consuming sector in the world, 
accounting for over one-third of total final energy use, and equally significant source 
of carbon dioxide (CO2) emissions [2].  
Recognizing the importance of energy efficiency improvements in the buildings 
sector, the European Union introduced the Energy Performance of Buildings Directive 
(EPBD) in 2002. The EPBD required all member states to improve building 
regulations by establishing minimum energy performance requirements in buildings. 
In 2010, the EPBD was revised with tougher requirements for buildings, including the 
requirement for member states to ensure that all new buildings will be nearly zero-
energy buildings (ZEBs) by the end of 2020 [3]. According to a definition “a (net) 
zero-energy building (ZEB) produces enough renewable energy to meet its own 
annual energy consumption requirements, thereby reducing the use of non-renewable 
energy in the building sector” [4].  
Achieving sustainable buildings: the role of HVAC systems 
Buildings are crucial to a sustainable future as their design, construction, operation, 
and the activities in buildings are substantial contributors to energy-related 
sustainability challenges [5]. Nonetheless, there are several criteria, beside the energy 
use of the building, that need to be fulfilled in order for the building to be sustainable. 
It should be noted that even a zero-energy building can be unsustainable, if it does not 
provide a healthy and comfortable indoor environment for its users [6]. 
Buildings are primarily constructed to produce indoor environments, in which their 
occupants are comfortable, healthy, safe and productive. A complex combination of 
building engineering systems is used to achieve this purpose. The purpose of heating, 
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ventilation and air-conditioning (HVAC) systems is to maintain the desired indoor 
thermal environment and air quality in various spaces of a building. Built environment 
is the results of a complex interplay between the building envelope and structure, the 
activities inside the building spaces, the outdoor climate, and the technical systems 
that are to provide the required conditions indoors [7]. That interplay is, as well, 
closely connected to the energy flows and conversions in the building. In fact, HVAC 
systems are found to be the most energy intense building services, representing 
approximately half of the final energy use in the building sector [8, 9].  
Many of the essential sustainable building attributes, such as energy, resources, 
pollutions, noise, health and well-being of occupants, are directly or indirectly 
affected by the performance of the HVAC systems. Inadequately designed or 
malfunctioning HVAC systems can cause unnecessary use of energy and adverse 
effects on the indoor environment, such as presence of noise, draught, contaminants 
in indoor air or elevated relative humidity indoors [10].  
HVAC systems: challenges and current advances 
The occupant comfort and optimal management of the energy use play a crucial role 
in the research and development for emerging HVAC technologies. Energy demands 
as well as indoor environment requirements in the buildings can vary significantly 
from country to country depending on a number of factors, such as climate, economic 
development and building regulations [11].  
A large share of old, energy-inefficient buildings located in regions where there is 
significant need for space heating, characterizes the buildings sector in Europe. The 
residential stock is the largest segment of the European building stock and constitutes 
75% of the entire floor area [12]. Space heating is the most energy intense end-use in 
European residential buildings and accounts for around 70% of the total final energy 
use [2]. As a result, most of energy in buildings in Europe is used for heating and the 
largest potential for energy savings is through improvements in building envelopes 
and heating equipment. Building envelope improvements, including better wall 
insulation and highly insulated windows, offer significant potential energy savings 
and contribute to the reduction in the demand on space heating [13]. Nonetheless, in 
order to sufficiently reduce the overall energy intensities of buildings and to support 
the shift towards more sustainable built environment, it is crucial that the HVAC 
technologies evolve to address new challenges [14].  
Looking at the past developments in the building stock, extensive changes have 
occurred in recent decades in the way the buildings are designed, constructed and used 
[15-22]. These emerging challenges comprise aspects, such as integration of the 
HVAC systems with other building services, for instance the demand management 
system [17, 18], renewable energy system and thermal storage system [19], increasing 
the flexibility in control of the indoor environments [20], and improving the response 
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to the heating, cooling and ventilation needs [21]. Technical solutions that facilitate 
intelligent building control, such as smart control equipment and use of wireless 
sensor networks are becoming crucial for the future generation of buildings [22]. 
One way to address the challenge regarding enhancing the occupants’ comfort as well 
as improving the response of an HVAC system to the building heating, cooling and 
ventilation demands is to provide the individual control of thermal conditions in each 
of the rooms served by the system. Such solution may better match occupants’ 
preferences regarding thermal conditions, while avoiding unnecessary conditioning of 
unoccupied spaces.  
The aforementioned challenges should be achievable without excessive increase of 
the HVAC systems complexity. Moreover, the novel HVAC technological solutions 
should enhance simple installation, maintenance and operation, and be cost-effective 
and time-efficient in order to attract all stakeholders. These emerging challenges and 
trends create a compelling need to provide a new and innovative HVAC concepts and 
technologies to be implemented in the built environment for advancing sustainable 
buildings and achieving the ambitious energy targets. 
 
1.2. OBJECTIVE 
The objective of this PhD study is to develop a new combined ventilation and heating 
system for residential buildings and to demonstrate the ability of the system to 
improve the control of thermal conditions in individual rooms in a building.  
In order to achieve the research objective, the following tasks were accomplished in 
the PhD project: 
 To design and develop the new ventilation and heating system and to 
examine the ability of the system to control the air temperature on a room 
level. 
 To analyse the performance of the proposed system, in particular in terms of 
the energy use and the provision of the desirable indoor thermal conditions. 
 To investigate the applicability of the systems in a real-life building through 
the assessment of the measured and perceived local thermal comfort. 
 
1.3. LIMITATIONS 
The focus in the thesis is on the control of indoor air temperature only. The control of 
other parameters relevant to the indoor climate, such as indoor air quality and 
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humidity is not considered in the research work. Neither does the work include the 
aspects of filtration and cleaning of the supply air. 
The study is limited to ventilation and heating. Cooling is not included in the scope of 
the thesis. The HVV system control strategy was limited to a constant air volume 
(CAV) system. Nonetheless, some considerations on a variable air volume (VAV) 
control strategies are given.  
The present work has been undertaken by means of laboratory measurements and 
numerical investigations. In addition, the proposed heat valve ventilation (HVV) 
system was integrated in an existing building in order to study the measured and 
perceived local thermal comfort. The local thermal comfort is evaluated in terms of 
air temperature and air velocity patterns and local thermal discomfort due to draught.  
With regard to the experimental work, a number of assumptions were made. Namely, 
the analysis in the experiment was focused on the Danish climate conditions. Thus, 
the assumptions in relation to the heat transmittance coefficients of building envelope 
and the calculated heating demands were made based on the Danish Building 
Regulations [23]. In addition, the building thermal mass and air passage through the 
building envelop were not addressed in the experiments. 
Furthermore, since the HVV system has been operating in the real-life building for a 
short time, at the time of writing the thesis, the collection of representative data on the 
energy use of the HVV system was not possible. 
This work focus on technical solutions and design, and does not further treats the 
subjects of economics.  
 
1.4. OUTLINE OF THE THESIS 
Chapter 1 presents the motivation for the choice of research approach and design, 
along with the description of the research problems, the objectives of the study, the 
significance of the study, the limitation of the study, the outline of the thesis and the 
list of papers published in relation to the study. 
Chapter 2 provides the literature review on the existing heating and ventilation 
technology for application in residential buildings. In addition, this chapter presents 
the aspects of designing combined mechanical ventilation and air heating systems. 
Chapter 3 presents in details the concept and the design of the proposed heat valve 
ventilation (HVV) system. Further, the prototype of the HVV system built in the 
laboratory hall is described in the chapter. 
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Chapter 4 contains the information on the research methodology applied in the study. 
Chapter 5 includes the presentation and discussion of the results revealed from the 
analysis of the HVV system.   
Chapter 6 presents conclusions outlined from the research study and 
recommendations for the future research directions. 
 
1.5. LIST OF PUBLICATIONS 
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CHAPTER 2. BACKGROUND AND 
STATE-OF-THE-ART  
In order to mark out the limits of the existing HVAC solutions and to identify the main 
research gaps in the research context, a literature review on the existing heating and 
ventilation technology for application in residential buildings was performed. The 
focus is on the technology applied in cold European climates, with significant demand 
for heating during the cold season. Further, this chapter presents design aspects of a 
combined mechanical ventilation and air heating systems. 
 
2.1. VENTILATING AND HEATING OF RESIDENTIAL BUILDINGS 
Ventilation systems 
Ventilation refers to a process of intentional exchange of air between the spaces inside 
a building and the outdoor environment [24]. The primary role of ventilation is to 
assists in maintaining acceptable indoor air quality by diluting and displacing airborne 
pollutants caused by unavoidable sources. Besides, ventilation supports maintaining 
satisfactory thermal comfort indoors. Ventilation can be given a secondary tasks, i.e. 
heating and cooling [25]. 
For the past decades, European residential buildings were mainly ventilated by means 
of natural ventilation, i.e. a process where airflows through a building are driven by 
pressure and buoyancy forces [26]. When using natural ventilation, the control of the 
air change rate in a building is limited. In fact, natural ventilation is the most 
uncontrollable form of ventilation [27]. Furthermore, natural ventilation does not 
allow for conditioning and filtrating of the supply air as well as for the heat recovery 
from the exhaust air [28]. In cold European climates (e.g. Scandinavian countries), 
significant heating requirements have led to a rigorous approach to building air 
tightness and, consequently, to a need for ventilation systems that offer sufficient 
control of air change rates [29]. In such highly-insulated residential buildings, natural 
ventilation may be unable to provide the adequate air change rate and the use of 
mechanical ventilation becomes necessary. Recent revisions in building regulations 
had led to a nearly exclusive implementation of mechanical ventilation in new as well 
as in energy retrofitted residential buildings in northern Europe [23, 30-33].  
Mechanical ventilation systems have proven to be suitable for the provision of a 
steady and sufficient air change rate and able to respond to the varying requirements 
of occupants and pollutant loads [34-37]. Moreover, mechanical ventilation systems 
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may incorporate exhaust air heat recovery techniques to reduce ventilation losses [35, 
38-41]. Hamid et al. [41] have shown that a mechanical ventilation with heat recovery 
system does contribute to significant improvement of the buildings’ energy efficiency 
as well as the perceived indoor environmental quality.  
Different configurations of mechanical ventilation systems are applied in residential 
buildings and these are: mechanical supply ventilation, mechanical extract ventilation 
and balanced mechanical ventilation. Mechanical supply ventilation is not 
recommended for residential buildings in cold climates since it can force humid air 
generated by household activities, into the building fabric where condensation may 
occur. Contrarily, a slight under-pressure is preferred in residential buildings to 
prevent moisture from penetrating into the building fabric. Mechanical extract 
systems are widely used; however, in highly-airtight buildings, there may be 
insufficient inlet air paths, which can result in the rise of the pressure in the ventilation 
system, and hence, the increase of electrical energy use. Another disadvantage of such 
configuration is that the supply air cannot be filtered and conditioned. Balanced 
mechanical ventilation systems combine extract and supply systems as separately 
ducted networks. Balanced mechanical ventilation systems do not significantly affect 
the pressure of the indoor space with respect to outdoors and are not resistant to 
infiltration driven by wind and temperature effects. As a consequence, the building 
must be highly-insulated for achievement of an optimum performance [25].  
Regarding the control strategy, mechanical ventilation systems are classified into 
constant air volume (CAV) or variable air volume (VAV). In advanced, balanced 
mechanical ventilation systems, the parameters of the supply air can be controlled 
according to the current demand; such systems are called demand controlled 
ventilation (DCV) systems. The ‘demand’ can refer to criteria related to indoor air 
quality and thermal comfort [42]. DCV systems have proven a significant potential 
for energy savings and for maintenance of satisfactory indoor air quality in residential 
buildings [43-45]. In terms of design, VAV systems are more complex than CAV 
systems since these systems add the demand on components such as air terminal 
devices, dampers, fans and sensors. Increased complexity in mechanical ventilation 
systems results in the increased installation cost and the maintenance needs. Thus, for 
such advanced systems to be considered there must be a significant reduction in 
energy use or other added value that makes the increased cost and complexity 
worthwhile. Typically, VAV is a solution suitable when the demand for airflow varies 
greatly without being constant for any long periods of time.  
Hydronic heating systems 
In residential buildings, heat is most commonly distributed by hydronic or air heating 
systems. Hydronic heating systems dominate in central and northern European 
climates. The main advantage of using water as a heat transfer medium is the thermal 
CHAPTER 2. BACKGROUND AND STATE-OF-THE-ART 
23 
capacity of water, due to which the hydronic heating system require less working fluid 
comparing with air heating systems.  
In hydronic heating systems, radiators, convectors and floor heating systems are 
utilized for the supply of heat to individual rooms. Radiators supply heat through a 
combination of radiation and convection, depending upon the type of radiator. The 
majority of the systems that utilizes radiators are sized with high supply water 
temperatures of 70-90°C. Nevertheless, during the last years the trend is to size the 
systems for lower temperatures, in order to reduce heat losses and to take advantage 
of the higher efficiencies of low temperature heating [46].  
Floor heating systems have been highly regarded for comfort, and thus have become 
increasingly popular in residential buildings in the past years [47-50]. In such systems, 
the heat transfer takes place mainly by thermal radiation. Floor heating systems do not 
require a water temperature as high as radiators or convectors, the supply water 
temperatures is of about 30-40°C. This is an advantage when the building is provided 
with the heat from a heat pump or a similar heat source, which performance is strongly 
dependent on a relatively low supply water temperature. The relatively large thermal 
mass of floor heating, comparing to other heating systems, enables exploitation of the 
floors and slabs to store energy, and thus reduce the size of the heating equipment 
needed to meet the peak loads [49, 50]. On the other hand, the thermal inertia of a 
heating system influences the control of the room air temperatures. Switching on and 
off a floor heating system takes a relatively long time to cool down and heat up the 
spaces in a building. The controllability of a floor heating system should be carefully 
addressed, especially in highly-insulated buildings, in which the changes in internal 
loads (due to occupants, lighting, and equipment) or direct sunlight have a higher 
impact on the fluctuations of room air temperature than in buildings with standard 
insulation. For example, Knudsen [36] reported that due to the thermal inertia, the 
floor heating system was perceived slow in response to the dynamics of the indoor 
environment and therefore difficult to control. Besides, hydronic heating systems can 
only provide heating, meaning that a separate ventilation system is always required, 
which in turn increases expense and space requirements. Figure 2-1 presents a 
schematic diagram of a mechanical ventilation system combined with a hydronic 
heating system. 
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Figure 2-1. A scheme of mechanical ventilation with heat recovery combined with a hydronic 
heating system [53]. For the purpose of this work the original text in the Figure was translated 
to English. 
 
Air heating systems 
Air heating systems use air as a heat transfer medium. In such systems, a central air 
heater (e.g. gas furnace, electric furnace, a heat pump or a hydronic coil), equipped 
with a circulation fan and a heat exchanger, serves as a heat source. The heated air is 
distributed from the heat source to the rooms, which the system is designed to heat, 
by the means of ducts, plenums and air terminals. The air is returned from the heated 
spaces to the heater via a ceiling return grilles and a return duct. Air heating, also 
referred as to forced-air heating, are widely used in North America. In cold climates 
with significant need for heating, air heating systems require constant operation of the 
fan at a relatively large airflow rate to carry the heat from the heat source to the rooms 
[10]. This is the main reason for a limited implementation of air heating systems in 
northern Europe. In the literature, such heating systems has previously been linked to 
concerns in regard to local thermal discomfort due to the vertical air temperature 
difference [51], as well as increased air distribution duct heat losses [52]. 
Combining mechanical ventilation system and air heating system 
In cold climates, where buildings need heating, the requirement for an air heating 
system is that the supply fan needs to operate constantly along to the heating season 
to provide heat. In residential buildings, on the other hand, outdoor air should be 
constantly supplied, at least at a minimum quantity, to maintain the indoor air quality. 
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In residential buildings with low heating energy demand, a supply of the required 
heating energy can be achieved at an airflow rate of a magnitude similar to an airflow 
rate required for indoor air quality purposes. The greater the reduction in space heating 
requirement is, the closer the two airflow rates become. Integrating the heating and 
ventilation into the same distribution system becomes economical from the 
perspective of both initial and operating costs as the separate space-heating 
distribution system in not required [53]. 
Air heating can be integrated in a mechanical ventilation system by post-heating of 
the supply air by the means of a heating coil. A ventilation system can contribute to 
space-heating from 0%, when no heating coil is installed in the ventilation system, to 
some air heating for comfort reasons, to 100% in case no supplementary heating 
source in installed and the space-heating demands are covered solely by a ventilation 
system.  
 
Figure 2-2. A scheme of mechanical ventilation with heat recovery combined with an air 
heating system [53]. For the purpose of this work the original text in the Figure was translated 
to English. 
Figure 2-2 presents a schematic diagram of a mechanical ventilation system combined 
with air heating. This solution appears especially suitable for low-energy residential 
buildings, in which thermal comfort can be achieved solely by heating of the supply 
air, which is delivered at the minimum air change rates required to maintain a 
satisfactory indoor air quality. The substantial reduction in the space-heating demands 
and the presence of a balanced mechanical ventilation system make the use of an air 
heating system an efficient and economically viable option, in particular, in terms of 
initial cost because the separate heat distribution system is not needed (Figure 2-2). 
High performance of the building envelope is crucial for achieving satisfactory 
thermal conditions while using combined ventilation and heating systems. In highly-
insulated buildings, the surface temperatures of outer walls and windows are close 
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enough to the room air temperature to allow for thermal comfort without the need for 
the compensation of radiative asymmetries and cold air downdraught.  
Feist et al. [54] discussed the feasibility of implementation of such a system in 
residential passive houses in moderate European climate. In the study, the aspects of 
design, i.e. heating power and heating load, heat distribution between the conditioned 
rooms, heat losses from ducts, and duct insulation were discussed. Further, the supply 
air distribution in the room in relation to the provided thermal comfort was addressed. 
The results showed the desired room air temperature, as well as the satisfactory 
thermal conditions with regard to a draught risk, could be maintained when using a 
combined ventilation and air heating system.  
The feasibility of the combined mechanical ventilation and air heating in residential 
buildings was further considered in respect to cold climate conditions by Georges et 
al. [55]. The authors investigated the challenges in terms of thermal dynamics: the 
magnitude of the supply air temperature needed, the temperature difference between 
rooms, the impact of internal gains, the influence of thermal losses from ventilation 
ducts and the control aspects. Based on the results, the authors pointed out the 
limitations related an air heating system with a centralized heating coil as well as 
provided the guidelines for a consistent design of air heating in cold climates. 
Both of the aforementioned studies emphasised that the main limiting factors for 
combined ventilation and heating systems in relation to the designing, application and 
performance are the supply air volume and the supply air temperature. In combined 
ventilation and heating systems, the control of room temperature can be achieved in 
two ways: through supplying a constant airflow with varying temperature (CAV 
systems) or through varying the supply airflow with a constant temperature (VAV 
systems). In practice, most CAV air heating systems are based on a centralized heating 
coil, and thereby supply the air at nearly uniform temperature to all of the served 
rooms. The temperature of the air measured in the main extract duct is used as the 
reference temperature for the heating coil output control. Such a control strategy 
provides little or no possibility to the system to suit various demands in the individual 
rooms. In a VAV system, the supply air is centrally treated to a suitable temperature 
and the supply airflow rate is typically varied by the means of a VAV box with a 
damper just upstream of the supply air terminal. Practically, CAV systems are more 
commonly applied than the VAV systems, as a VAV control could demand a 
relatively high airflow rates.  
The lack of air temperature control on room level, in a consequence, the limitation in 
the provision of the desired thermal conditions in individual rooms in a building 
impose a great limitation to CAV air heating systems. One way to enable air 
temperature control on room level in CAV air heating systems is that the supplied air 
is heated in two-stages, first centrally and then locally in each zone by the means of 
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reheat coil located upstream of the air supply terminal. This solution, however, is 
impracticable considering the maintenance and installation cost points of view.  
Air temperature control on room level in combined ventilation and heating systems 
Recently, an increased attention has been given specifically to the indoor thermal 
conditions in individual rooms in residential buildings [59-60]. Berge et al [56] 
presented a comprehensive literature review on the indoor air quality, thermal comfort 
and general experiences with the operation of combined mechanical ventilation and 
air heating systems in comparison to other heating strategies. In regards to the 
provision of the desired thermal conditions in individual rooms, the results indicated 
that occupants perceived relatively high temperatures in bedrooms and missed the 
possibility to adjust room air temperature individually in each room. Further research 
regarding the control of indoor air temperature in individual rooms exhibited a 
consistent feedback that an adjustability of supply air temperature on a room level is 
wanted [57-59]. Demands regarding different indoor air temperatures in individual 
rooms were identified, i.e. lower air temperature were desired in bedrooms in 
comparison to living rooms and bathrooms. Moreover, the results showed that the 
dissatisfaction with the indoor thermal conditions in individual rooms in residential 
buildings is a dominant driver of substantial window opening, which in turn, 
contributes to the increased space-heating demands [59]. Combined ventilation and 
heating systems should therefore be designed with the possibility to adjust at least the 
bedroom temperature independently from the temperature in other rooms.  
In this respect, Berge et al. [59] proposed a two-zoned ventilation concept with two 
distinct supply air temperatures for the living areas and bedrooms. This strategy 
managed to reduce the influence of window opening but the increase in space-heating 
need was still substantial. Most recently, Georges et al. [60] investigated alternative 
ventilation strategies to reduce the impact of the supply air temperature on the 
increased space-heating needs. Among the alternative strategies, only decentralized 
ventilation provided that the supply air temperature could be adjusted specifically to 
individual rooms. 
In this context, enabling the air temperature control on room level demonstrate a clear 
potential for contributing to the level of satisfaction with indoor thermal conditions in 
individual rooms as well as for the improvement of the energy performance in a 
residential buildings.  
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2.2. ON THE ASPECTS OF DESIGNING COMBINED 
VENTILATION AND HEATING SYSTEMS 
Ventilation is regarded as a primary function in combined ventilation and heating 
systems. The ventilation rates are determined according to indoor air quality 
requirements.  
An air heater may consist of a hot water coil connected to a heat storage or to a heat 
source. In this case, many different energy sources can be used. Direct electric heating 
is also possible, giving great flexibility concerning position and subdivision of the air 
heater. However, direct electric heating normally is associated with a high primary 
energy demand [54]. 
The total energy use of a combined ventilation and air heating system will depend on 
the efficiencies of the components, such as a specific fan power (SFP) value, a 
temperature efficiency of the heat recovery unit and a heat pump coefficient of 
performance (COP), in case a heat pump is used as a heat source in the system [10]. 
The efficiency of the components are influenced by the operational parameters of a 
combined ventilation and air heating system. Therefore, the operational parameters 
should be carefully addressed in designing combined mechanical ventilation and air 
heating systems. For example, the temperatures of the heat transfer fluids influence 
the efficiency and performance of a heat pump. Ultimately, due to Carnot efficiency 
limits, the heat pump's performance will decrease as the temperature difference 
between the hot reservoir (e.g. the water in the heating coil) and the cold reservoir 
(e.g. the outdoor air) increases. Therefore, the COP of a heat pump serving as a heat 
source in the system can be maximized by choosing a heating system requiring a low 
supply water temperature (~35-55°C) and by choosing a heat source with a high 
average temperature (e.g. the ground). Another example is the supply and exhaust 
airflow rates, which influence the energy use of the fans in a combined ventilation and 
heating system. In case the system is a CAV system, it is reasonable to keep the 
airflow rates at the minimum. 
The design of the supply air distribution system is another aspect, significantly 
influencing the performance of combined ventilation and air heating systems. When 
a ventilation system is operating in the heating mode, the temperature of the supply 
air introduced to the room is higher than the room air temperature. The non-isothermal 
jet is affected by thermal buoyancy caused by air density difference. The buoyant 
forces may stabilize the air in the room by stratification [24]. The stratification inhibits 
the ventilation effectiveness in the occupied zone and causes that the supplied air will 
only circulate in the upper part of the room [61-64]. This, in turn, will give rise to 
large temperature gradients, which may cause a local thermal discomfort due to the 
vertical air temperature difference.  
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The insulation of the supply air ducts determines the share of the heat transferred 
through the duct casing. Extra insulation ensures to supply sufficient heat to exposed 
supply rooms. Intentionally left out insulation of a supply air duct leading through 
another room (e.g. the bathroom) allows transfer some extra heat to that room [54]. 
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CHAPTER 3. DEVELOPMENT OF HEAT 
VALVE VENTILATION SYSTEM  
This chapter presents the details on the concept and design of the heat valve ventilation 
(HVV) system. Further, the prototype of the HVV system built in a laboratory hall is 
described in this chapter.  
 
3.1. CONCEPT AND DESIGN 
The concept of the present study is to develop a novel ventilation and heating solution 
for the provision of adequate air change rates and the improvement of thermal 
conditions in individual rooms within a building. To that end, an innovative heat valve 
ventilation (HVV) system was proposed. The HVV system is a combined balanced 
mechanical ventilation and air heating system, which covers the space-heating 
demands solely by delivering the heated air to the conditioned spaces. The novelty of 
the HVV system is its ability to control the air temperature individually in each room. 
Thus, the HVV system is able to cover various space-heating demands and maintain 
desired air temperatures in all rooms.  
 
Figure 3-1. A scheme of heat valve ventilation (HVV) system. 
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The schematic diagram of the HVV system is presented in Figure 3-1. The HVV 
system consists of an air handling unit with basic elements, i.e. filters, supply and 
exhaust fans and a heat exchanger; a manifold with a built-in heating coil and heat 
valves; a supply and an extract ductwork.  
The HVV system supplies the air at a constant airflow rate. Similar to a conventional 
CAV air heating system, the supply air is heated by the centralized heating coil. 
However, unlike to a conventional CAV air heating system, the use of the heat valves 
and separate supply ducts makes the room level air temperature control realizable 
without local reheating of the supply air, i.e. without the use of supplementary heating 
coils prior to each individual room. Furthermore, the room air temperature is 
controlled independently from the airflow rate as opposed to a VAV air heating 
system, in which the supply airflow rate is varied, by the means of a VAV box with a 
damper, to meet the heating load in the corresponding room. Thus, the concept of the 
HVV system allows the installation simplicity while providing the flexibility in 
control of the room air temperature. 
Conditioning of the supply air takes place in two steps: first on a building level, and 
second on a room level. Namely, first the outdoor air passes through the air handling 
unit, where it is filtrated and heated in the heat recovery unit. Next, the air is 
distributed via the main supply duct to the manifold, where the room level 
conditioning takes place. The primary function of the manifold is to distribute the total 
supply airflow rate into separate ducts serving the corresponding rooms. A centralized 
heating coil is installed in the manifold to incorporate heating in the HVV system. The 
supply air is heated inside the manifold accordingly to meet the heating demands in 
individual rooms and then delivered to each room via the corresponding supply duct. 
The conditioned outdoor air is supplied to habitable rooms, i.e. bedrooms, living and 
dining rooms, and the room air is extracted from moisture-polluted rooms, such as 
bathroom, kitchen, and utility room. In principle, this induces a flow pattern that 
inhibits the cross-contamination of air from moisture-polluted spaces to habitable 
spaces. 
Manifold design 
One of the main components of the HVV system is the manifold, i.e. an air distribution 
box from which a number of smaller ducts branch off. Figure 3-2 illustrates the design 
of the manifold. The manifold is split into two parts (see the vertical cross-section in 
Figure 3-2 c). The top part of the manifold contains the built-in heating coil and the 
bottom part is empty. Both parts are separated by the insulation layer in order to 
prevent the transfer of heat between the parts. The perforated plate is installed to 
ensure a uniform distribution of the air entering the manifold, prior to the air is heated 
and distributed to the particular supply ducts. Such a design ensures that the supply 
air can either pass through the heating coil or bypass it. 
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Figure 3-2. Illustration of the manifold – the 3D view (a), the heat valve detail (b) and the 
vertical cross-section (c). 
 
The airflow pattern through the manifold is determined by the positions of the heat 
valves, which are installed at each of the outlets of the manifold. The detailed 
illustration of the heat valve is presented in Figure 3-2 b. The heat valve consist of 
two blades mounted on a rotary axle. The angle between the blades is fixed and of 
about 70°. The position of each heat valve determines the proportion of the air that 
either passes through or bypasses the heating coil. It should be noted, however, that 
the position of the heat valve does not have an influence on the total airflow rate in 
the particular supply ducts. The position of each heat valve can be adjusted from 0% 
to 100% open to heating, further referred as to position 0 and position 1, respectively. 
In case the heat valve is in position 0, the total amount of air distributed to the 
particular supply duct bypasses the heating coil. In case the heat valve is in position 
1, the total amount of the air passes through the heating coil. In case the heat valve is 
adjusted between the positions 0 and 1, the air supplied to the particular duct is divided 
into two streams, heated and unheated, which are mixed together after passing through 
the heat valve. In this way the temperature of the supply air can be controlled 
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independently at each of the outlets. Figure 3-3 illustrates the airflow pattern through 
the manifold in relation to the position of the heat valves. 
 
 
Figure 3-3. Illustration of the airflow pattern through the manifold. 
Control 
The provision of the adequate air change rate is the primary task of the HVV system. 
In residential buildings, the outdoor air should be constantly supplied, at least at the 
minimum quantity, required to maintain a satisfactory indoor air quality. According 
to the Danish Building Regulations [23], in residential buildings the supply of outdoor 
air must be present at any time at minimum 0.30 l/s per sq. metre heated floor area. 
The air should be extracted from kitchens, bathrooms and toilets at the minimum 20 
l/s, 15 l/s and 10 l/s, respectively. In the HVV system, the supply and extract fans 
provide the necessary driving force to deliver the nominal airflow rate and the air 
distribution system is balanced to ensure the adequate airflow rate distribution to all 
rooms.  
The heating power provided by the HVV system has to compensate for the 
transmission and infiltration losses, which occur in individual rooms, and the 
ventilation heat losses. The supply air capacity of transporting the heat to each room 
can be calculated as:  
𝑷𝒊 = 𝒒𝒗,𝒊 ∙ 𝝆𝒂,𝒊 ∙ 𝒄𝒑,𝒂 ∙ (𝑻𝒔𝒖𝒑𝒑𝒍𝒚_𝒂𝒊𝒓,𝒊 − 𝑻𝒓𝒐𝒐𝒎,𝒊) (3.1) 
Where Pi (W) represents the heating power delivered to i-th room by the system, qv,i 
(m3/s) is the airflow rate supplied to i-th room, ρa,i (kg/m3) is the supplied air density, 
cp,a (J/(kg∙K)) is the air specific heat capacity, Tsupply_air,i (K) is the supplied air 
temperature to i-th room and Troom,i (K) is the air temperature in i-th room. 
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As the supply airflow rate (qv,i) is constant, the control of the heating power delivered 
by the HVV system is achieved by regulation of the supply air temperature 
(Tsupply_air,i). The demand on heating power that has to be delivered to each room is 
determined by the actual air temperature in this room (𝑇𝑟𝑜𝑜𝑚,i) and the heating 
temperature set point.  
The position of each heat valve, and consequently the supply air temperature in the 
corresponding duct (Tsupply_air, i), is adjusted by an actuator, based on the signal from 
the corresponding room controller. The room controller constantly measures the 
current air temperature in the corresponding room and compares the measured value 
to the desired user-defined set points. Based on these two parameters the heating 
output is increased or decreased to meet the desired set points.  
The air is supplied at the maximum temperature to cover the maximum heating load 
that occurs in the corresponding room. The maximum temperature of the supply air is 
limited by the heating capacity of the coil and the thermal loss occurring along the 
ductwork. The minimum supply air temperature is determined by the outdoor air 
temperature, extract air temperature and the efficiency of the heat recovery unit. The 
air is supplied at minimum temperature during sunny hours in winter, when the heat 
demand can completely be covered by solar and internal gains and the room air 
temperature is above or at the exact set point.  
Supply air distribution system 
The HVV system utilizes a radial duct system. The radial ducting air distribution 
system with the use of an air distribution box is commonly offered for application in 
residential buildings in Scandinavian countries [65, 66]. The supply ducts can be 
placed in attics and crawl spaces as well as they can be embedded in floor slabs or 
between floors of multi-storey structures. The radial ducting air distribution system 
offers benefits, such us providing acoustic separation between different rooms in a 
building as well as a relatively even distribution of the supply air as they eliminate 
multiple fittings, e.g. T-pieces and reducers, which affect the pressure.  In addition, 
the installation of such systems is relatively simple comparing to other supply duct 
system types.  
Duct thermal losses, which appear both from the manifold and along the ductwork, 
have to be taken into account in HVV system. One way to reduce the losses is to install 
the ductwork within building envelope. Alternatively, the system may be thermally 
insulated.  
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3.2. PROTOTYPE OF HVV SYSTEM 
In order to analyse the performance of the proposed HVV system a prototype of the 
HVV system was constructed in a laboratory hall. 
The HVV system prototype consisted of the following elements: 
 The AHU HERU 100 S EC manufactured by Östberg [67], providing driving 
force to deliver the nominal airflow rate. 
 The manifold with six outlets manufactured by Lindab. 
 The electric water heater model 55 manufactured by Metro Therm [68], 
serving as a heat source. 
 The supply air ductwork consisting of the main supply duct, connecting the 
AHU and the manifold, and six smaller ducts distributing the supply air 
between the manifold and the rooms. 
 The extract ductwork removing the air from the rooms. 
 The control system. 
Figure 3-4 shows the constructed prototype of the HVV system. 
In order to avoid undesirable thermal loss along the supply ductwork, the prototype 
of the HVV system was thermally insulated using 25 mm thick thermal insulation. 
Simulated building 
In order to demonstrate the ability of the HVV system to control individually the air 
temperature in different rooms, the prototype of the HVV system was connected to a 
number of compartments, simulating rooms in a residential building. A reference 
building consisting of ten rooms was considered. The compartments are further 
referred as to rooms. Each of the rooms measured 0.6 m length, 1.0 m width and 
2.36 m height. Six of the rooms were connected to the supply ductwork of the HVV 
system to imitate habitable rooms in the building. These rooms are further referred as 
to habitable rooms. Four of the rooms were connected to the extract ductwork to 
imitate moisture-polluted rooms in the building. These rooms are further referred as 
to moisture-polluted rooms. For the ease of identification, the particular rooms were 
given the following names: bedrooms, living room, office, kitchen, bathrooms and 
utility room. To enable the airflow between the habitable and moisture-polluted 
rooms, the connections between the rooms were made. Besides, the rooms were sealed 
to minimize the influence of infiltration and exfiltration of air to the surroundings.  
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Figure 3-4. HVV system prototype in the laboratory hall. 
Room air temperature control 
A pre-programmed room temperature controller Regula Combi [69] with a built-in 
temperature sensor was installed in each of the rooms. Each of the room controllers, 
installed in the habitable rooms, was constantly modulating the heat valve actuator to 
satisfy the heating demand in the corresponding room. The reference value for the 
room controller was the room air temperature set point, while the measured value was 
the actual air temperature in the particular room. Since the HVV system did not deliver 
heating directly to the moisture-polluted rooms, the room controllers installed in these 
rooms were used to monitor the room air temperature only. The room air temperature 
in the control unit was maintained using PI control. The heat valve with actuator and 
the room controller are shown in Figure 3-5.  
The temperature set points in all of the rooms were constantly set to the value of 
ambient air temperature measured in the laboratory hall. This was executed in order 
to minimize the uncontrollable heat transfer between the rooms and the surrounding 
laboratory hall. 
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Figure 3-5. Heat valve with actuator to the left and room controller to the right. 
Heating loads 
To cause various heating demands in the rooms, an independent cooling system was 
integrated into the compartments simulating the rooms. The cooling system 
constituted a closed loop and consisted of a fan, a chiller, a heat exchanger and an air 
distribution ductwork. The air was constantly cooled down inside the heat exchanger 
and circulated inside the ductwork, which was leading through all of the rooms. 
Consequently, the rooms were cooled down as a result of the heat transfer occurring 
between the cold duct surface and the air inside the rooms. In order to control the 
amount of heat removed from the rooms via the cooling system, a flow regulator at 
the inlet to each room as well as temperature sensors at each inlet and outlet were 
installed. Figure 3-6 shows the connection of the cooling system to the rooms. Figure 
3-7 illustrates a scheme of the complete experimental setup. 
 
Figure 3-6. Cooling system integrated into the compartments in the laboratory hall. 
 
 
CHAPTER 3. DEVELOPMENT OF HEAT VALVE VENTILATION SYSTEM 
39 
 
Figure 3-7. Schematic diagram of the experimental setup. Blue colour covers the area of the 
HVV system, pink colour covers the area of the cooling system, light orange colour covers the 
area of the buildings, and grey colour covers the area of the control system. 
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Residential Master program 
A LabView based Residential Master computer program was developed for the 
purpose of control and data acquisition processes in the experiments. The measuring 
and control equipment installed in the HVV prototype were connected to a bus line 
enabling communication with the Residential master program via RS485. The 
interface of the Residential master program is presented in Figure 3-8. The measuring 
and control equipment is presented in Chapter 4. 
 
Figure 3-8. Residential Master computer program. 
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CHAPTER 4. RESEARCH 
METHODOLOGY  
The research methodology in this thesis consists of laboratory experimental work, 
numerical simulations using Computational Fluid Dynamics (CFD) and real-life 
measurements in a single-family residential building.  
 
4.1. LABORATORY EXPERIMENT 
The laboratory experimental work consisted of two parts. The first part included 
performance measurement and analysis carried out on the prototype of the HVV 
system in a full-scale laboratory experiment. The second part included measurement 
and analysis of the provided thermal conditions by the HVV system integrated in an 
experimental chamber.  
Part 1: The HVV system in the full-scale laboratory experiment 
The experiment was performed with the aim to characterize the influence of the 
system design on the overall system performance and to identify possibilities and 
limitations for further implementation of the system in a building. This part includes 
the following: 
a. Measuring of the supply air temperature, supply airflow rate, supply 
ductwork pressure losses and coil heat transfer effectiveness. 
b. Measuring and analysis of the HVV system energy use. 
Part 2: The HVV system integrated in the experimental chamber 
The experiment was performed with the aim to characterize the influence of the supply 
air distribution system on the air distribution and thermal conditions in a room served 
by the HVV system. This part included performing experimental measurements to 
validate the numerical data. The measurements in this part included the following:  
a. Measuring of the air velocity and air temperature patterns. 
b. Measuring and analysis of the local thermal discomfort due to 
draught. 
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4.2. EXPERIMENTAL FACILITIES 
The experimental facilities used in this study included the prototype of the HVV 
system and the experimental chamber.  
Part 1: The HVV system in the full-scale laboratory experiment 
The first part of the laboratory experiment on the system performance measurement 
and analysis was carried out on the prototype of the HVV system built in the 
laboratory. The details on the prototype of the HVV system are presented in Chapter 
3, section 3.2.  
Part 2: The HVV system integrated in the experimental chamber 
The second part of the laboratory experiment regarding the thermal conditions 
provided by the HVV system was carried out in an experimental chamber representing 
a room in a residential building. The chamber measured 3.1 m (length) × 3.6 m (width) 
× 2.7 m (height) and consisted of a floor, a ceiling, three internal walls and one 
external wall with a window. The chamber was unoccupied, unfurnished and without 
any additional internal heat sources. The experimental chamber was located in a 
laboratory hall. The chamber walls were insulated and the temperature inside the hall 
was kept as close as possible to the temperature inside the chamber to minimize the 
heat transfer through the chamber walls and mimic the adiabatic condition. A cooling 
panel with a total area of 2.1 m2 was located on one of the chamber walls to represent 
the window. The cooling output from the panel accounted for a total heat loss due to 
the transmission through the room envelope, which would occur in a real building 
during the coldest day in Copenhagen, Denmark. The experimental chamber was 
sealed in order to ensure the mass balance between the supply and the exhaust airflow 
rates. The geometry of the experimental chamber is shown in Figure 4-1. 
 
Figure 4-1. Experimental chamber geometry [70]. 
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4.3. EXPERIMENTAL PROCEDURES AND EQUIPMENT 
The experimental procedures and the measuring equipment used in the full-scale 
laboratory experiment as well as in the experiment performed in the chamber are 
described in the following sections.  
Part 1: The HVV system in the full-scale laboratory experiment 
In order to characterize the correlation between the heat valve position and supply air 
temperature in the corresponding supply duct, the supply air temperature was 
measured while changing the position of the heat valve from the position 0, i.e. fully 
closed to heating, to the position 1, i.e. fully open to heating. The heat valve position 
was changed in the following steps: 0°, 15°, 30°, 45°, 60°, 75°, and 90°, where 0° 
represents position 0, and 90° represents the position 1. The temperature of the supply 
air was measured inside the main supply duct (t1), inside the top part of the manifold 
(t2) and inside the corresponding supply duct (t3). The air temperature was measured 
by the means of Pt1000/TG-K3 temperature sensors. The locations of the measuring 
points are presented in Figure 4-2. 
 
Figure 4-2. Location of the temperature sensors t1, t2 and t3 presented in the vertical cross section 
of the manifold. 
The static pressure measurements were performed, in order to identify the influence 
of the heat valve position on the total static pressure in the HVV system. The static 
pressure was measured by the means of Testo 400 measuring instrument. The static 
pressure was measured in the main duct (p1), as well as in each of the supply ducts 
(p2), while the position of each of the heat valves was adjusted as follows: 0°, 15°, 
30°, 45°, 60°, 75°, and 90°. The placement of the pressure sensors in the ducts was 
chosen considering the fully developed air velocity profile in the duct. Therefore, the 
pressure sensors in the ducts was placed at a minimum distance of five times the duct 
diameter from an obstacle (e.g. heat valve). All of the heat valves were adjusted to the 
same position during the measurements. The pressure drop of the manifold was 
defined by measuring the pressure in the main supply duct and in each of the supply 
ducts serving the rooms and subtracting the two pressures to find the pressure 
difference. 
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Figure 4-3. Location of the pressure sensors p1 and p2 presented in the vertical cross section of 
the manifold. 
In the order to characterize the performance of the coil heat exchanger in the manifold, 
the coil heat transfer effectiveness was studied. The effectiveness 𝜀 (-) was defined as 
a ratio of the actual heat transfer rate ?̇? (W) to the maximum possible heat transfer 
rate ?̇?𝑚𝑎𝑥 (W) between the air passing through the heating coil and the water 
circulating in the tubes of the coil and it was calculated as [71]:  
 
𝜺 =
?̇?
?̇?𝒎𝒂𝒙
 (4.1) 
The actual and the maximum possible heat transfer rates were defined by the equations 
(4.2) and (4.3), respectively: 
 
?̇? = ?̇?𝒂𝒊𝒓 = ∑?̇?𝒎_𝒂𝒊𝒓,𝒋 ∙  (𝒉𝒐𝒖𝒕𝒍𝒆𝒕_𝒂𝒊𝒓,𝒋 −  𝒉𝒊𝒏𝒍𝒆𝒕_ 𝒂𝒊𝒓) 
𝟔
𝒋=𝟏
 (4.2) 
 ?̇?𝒎𝒂𝒙 = ?̇? 𝒘𝒂𝒕𝒆𝒓 = ?̇?𝒎_𝒘𝒂𝒕𝒆𝒓 ∙  (𝒉𝒊𝒏𝒍𝒆𝒕_𝒘𝒂𝒕𝒆𝒓 −  𝒉𝒐𝒖𝒕𝒍𝒆𝒕_ 𝒘𝒂𝒕𝒆𝒓) (4.3) 
Where: ?̇? 𝑎𝑖𝑟  (W) and ?̇? 𝑤𝑎𝑡𝑒𝑟  (W) represent air and water heat transfer rates, 
respectively; 𝑞𝑚_𝑤𝑎𝑡𝑒𝑟  (kg/s) and 𝑞𝑚_𝑎𝑖𝑟,𝑗 (kg/s) represent the mass flow rates of the 
water and the air in the j-th supply duct, respectively; ℎ𝑖𝑛𝑙𝑒𝑡_ 𝑤𝑎𝑡𝑒𝑟  (J/kg) and 
ℎ𝑜𝑢𝑡𝑙𝑒𝑡_𝑤𝑎𝑡𝑒𝑟  (J/kg) are specific enthalpies of the water at the inlet and outlet of the 
coil in the manifold, respectively; ℎ𝑖𝑛𝑙𝑒𝑡_ 𝑎𝑖𝑟  (J/kg) and ℎ𝑜𝑢𝑡𝑙𝑒𝑡_𝑎𝑖𝑟,𝑗, (J/kg) are specific 
enthalpies of the air at the inlet and outlet of the manifold, respectively.  
During the continuous operation of the HVV system, the total airflow rate to different 
rooms remains constant. However, the amount of air that passes through or bypasses 
the coil heat exchanger may vary, depending on the current heating demand in the 
rooms that are served by the HVV system. Therefore, different scenarios in terms of 
the heating demands in the served rooms were examined in the experiment. First it 
was assumed that the heating is required only in one of the served rooms, therefore 
only one of the heat valves was set to position 1, i.e. fully open to heating. The 
remaining heat valves were adjusted to the position 0 directing the air to bypass the 
CHAPTER 4. RESEARCH METHODOLOGY 
45 
heating coil. Thus, the total airflow rate passing through the heating coil corresponded 
to the airflow rate measured in the duct serving the room with the heating demand 
(duct 1). Next, it was assumed that the heating is required consecutively in 2, 3, 4, 5 
and lastly in all 6 of the served rooms. The number of the heat valves that were 
adjusted to the position 1, was consecutively: 2, 3, 4, 5 and 6. The total airflow rate 
passing through the heating coil corresponded to the sum of the airflow rates measured 
in the ducts serving the rooms with the heating demand. All measured cases are 
summarized in Table 4-1.  
Table 4-1. Description of the cases examined in the coil heat transfer effectiveness 
measurements. 
Case 
no. 
No. of rooms 
with heating 
demand 
Position of heat valve 
  Duct 1 Duct 2 Duct 3 Duct 4 Duct 5 Duct 6 
(1) 1 1 0 0 0 0 0 
(2) 2 1 1 0 0 0 0 
(3) 3 1 1 1 0 0 0 
(4) 4 1 1 1 1 0 0 
(5) 5 1 1 1 1 1 0 
(6) 6 1 1 1 1 1 1 
 
In order to calculate the effectiveness, temperatures and flow rates of water and air at 
the inlets and outlets of the manifold were measured for each of the considered cases. 
The supply air temperature and the airflow rates were measured in the main supply 
duct as well as in each of the smaller ducts serving the individual rooms. The air 
temperature was measured by the means of Pt1000/TG-K3 temperature sensors. For 
the measurement of the supply air temperature in the main supply duct, the 
temperature sensor was placed after the air handling unit and before the manifold. 
Besides, the temperature sensors were placed in each of the ducts serving the 
individual rooms in the distance of 0.1 m from the manifold. The total supply airflow 
rate was measured using Lindab UltraLink Monitor. The airflow rate monitors were 
mounted in the main supply as well as in each of the supply ducts serving the 
individual rooms, respecting the mounting recommendations. The temperature of the 
water was measured in the supply and return pipes connected to the tubes of the 
heating coil. The water flow rate was measured in the supply pipe. The temperature 
of water was measured by the means of Pt1000/TG-D1 temperature sensor and the 
water flow rate was measured by the means of Kobolt MIK C34P magnetic inductive 
flow meter. 
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In addition to the aforementioned parameters, the energy use of the HVV system was 
studied in the full-scale experiment. The total energy use of the HVV system was 
defined as sum of the energy used by the fans (𝑃𝑓𝑎𝑛𝑠) and the energy used by the heat 
source (𝑃ℎ𝑒𝑎𝑡_𝑠𝑜𝑢𝑟𝑐𝑒) and calculated as:  
 𝑷𝒔𝒚𝒔𝒕𝒆𝒎 = 𝑷𝒇𝒂𝒏𝒔 + 𝑷𝒉𝒆𝒂𝒕_𝒔𝒐𝒖𝒓𝒄𝒆 (4.4) 
Where: 𝑃𝑠𝑦𝑠𝑡𝑒𝑚 (W) represents the energy demand of the HVV system; 𝑃𝑓𝑎𝑛𝑠 (W) is 
the energy used by the fans in the HVV system; 𝑃ℎ𝑒𝑎𝑡_𝑠𝑜𝑢𝑟𝑐𝑒   (W) is the energy used 
by the heat source in the HVV system. 
The total energy use of the HVV system is determined by the heating power that has 
to be delivered by the system to cover the ventilation and heating requirements in the 
served rooms. According to the equation (3.1) presented in Chapter 3, the heating 
power delivered by the HVV system depends on the supply air parameters, i.e. the 
supply air temperature (𝑇𝑠𝑢𝑝𝑝𝑙𝑦_𝑎𝑖𝑟) and the supply airflow rate (?̇?𝑣). The supply air 
temperature is influenced by the temperature of water at the inlet of the heating coil 
(𝑇𝑖𝑛𝑙𝑒𝑡_𝑤𝑎𝑡𝑒𝑟). The parameters of the air and water affect the energy use of the HVV 
system. The same heating power can be delivered by the HVV system at various 
combinations of air and water parameters. In order to find the correlation between the 
air and water parameters and the energy use of the HVV system, the following 
assumptions were made: 
Fan energy use. The energy used by the supply and exhaust fans (Pfan in eq. 4.4) was 
directly measured in the experiment. In addition, the efficiency of the supply and 
exhaust fans was calculated based on the following equation:  
 
𝜼 =
𝚫𝒑 ⋅ 𝒒𝒗
𝑷𝒇𝒂𝒏
 (4.5) 
Where: 𝜂 (-) represents the efficiency of the fan; Δ𝑝 (Pa) represents the total pressure 
increase in the fan; 𝑞𝑣 (m
3/s) represents the total airflow rate delivered by the fan; and 
𝑃𝑓𝑎𝑛  (W) is the energy demand of the fan. 
The total pressure increase in the fan (Δ𝑝), the total airflow rate (𝑞𝑣) and the energy 
use of the fan (𝑃𝑓𝑎𝑛) were directly measured in the experiment. 
Heat source energy use. The energy used by the heating source (Pheat_source) was 
defines as: 
 
𝑷𝒉𝒆𝒂𝒕_𝒔𝒐𝒖𝒓𝒄𝒆 = 
?̇?𝒘𝒂𝒕𝒆𝒓
𝑪𝑶𝑷
 (4.6) 
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Where 𝑃ℎ𝑒𝑎𝑡_𝑠𝑜𝑢𝑟𝑐𝑒  (W) represents the total energy used by the heat source in the HVV 
system; ?̇?𝑤𝑎𝑡𝑒𝑟 (W) is the water heat transfer rate; 𝐶𝑂𝑃 (-) is coefficient of 
performance of a heat pump operating at the maximum theoretical efficiency, i.e. at 
the Carnot efficiency. 
The heat supplied by the water to the HVV system (?̇?𝑤𝑎𝑡𝑒𝑟) was defined as: 
 ?̇?𝒘𝒂𝒕𝒆𝒓 = ?̇?𝒗_𝒘𝒂𝒕𝒆𝒓 ∙ 𝝆𝒘 ∙ 𝑪𝒑,𝒘 ∙ (𝑻𝒊𝒏𝒍𝒆𝒕_𝒘𝒂𝒕𝒆𝒓 − 𝑻𝒐𝒖𝒕𝒍𝒆𝒕_𝒘𝒂𝒕𝒆𝒓) (4.7) 
Where: ?̇?𝑤𝑎𝑡𝑒𝑟  (W) is water heat transfer rate; ?̇?𝑣_𝑤𝑎𝑡𝑒𝑟  (m
3/s) is the volumetric flow 
rate of the water; 𝜌𝑤 (kg/m
3) is the density of water; 𝐶𝑝,𝑤 (J/(kg∙K)) is the specific 
heat capacity of water; 𝑇𝑖𝑛𝑙𝑒𝑡_𝑤𝑎𝑡𝑒𝑟  (°C) and 𝑇𝑜𝑢𝑡𝑙𝑒𝑡_𝑤𝑎𝑡𝑒𝑟  (°C) are the temperatures of 
water at the inlet and outlet of the heating coil, respectively. 
The volumetric flow rate of the water (?̇?𝑣_𝑤𝑎𝑡𝑒𝑟), and the temperatures of the water at 
the inlet (𝑇𝑖𝑛𝑙𝑒𝑡_𝑤𝑎𝑡𝑒𝑟) and the outlet (𝑇𝑜𝑢𝑡𝑙𝑒𝑡_𝑤𝑎𝑡𝑒𝑟) of the heating coil were directly 
measured in the experiment. The density of water (𝜌𝑤) was considered as a function 
of temperature and the specific heat capacity of water was considered as a constant. 
Heat source COP. The COP of the heat source was calculated according to the 
equation that represents the maximum theoretical coefficient of performance of any 
heat pump cycle operating between cold and hot reservoirs at 𝑇𝐶  and 𝑇𝐻 , respectively. 
 
𝑪𝑶𝑷 =
𝑻𝑯
(𝑻𝑯 − 𝑻𝑪)
 (4.8) 
Where: 𝐶𝑂𝑃 (-) is the heat source coefficient of performance; 𝑇𝐻  (K) and 𝑇𝐶  (K) are 
the temperatures of the hot reservoir and cold reservoir, respectively. 
The temperature of the hot reservoir (𝑇𝐻) was defined as the temperature of water 
measured at the inlet to the heating coil. The temperature of the cold reservoir (𝑇𝐶) 
was considered as of -5°C (268.14 K). 
Air and water parameters. In the experiment, the parameters of the HVV system, 
i.e. the supply airflow rate and the temperature of water at the inlet to the heating coil, 
were adjusted to meet the heating demands in the served rooms. It was considered that 
the heating demands were met if the air temperature in all of the served rooms was 
maintained to the set point. The energy use of the HVV system was analysed for seven 
different combinations of the air and water parameters were studied. 
Heating loads. By the means of the cooling system, different heating loads were 
generated in each of the rooms. The heating demands generated in the rooms are 
summarized in Table 4-2.  
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Table 4-2. Heating loads generated in the rooms in the full-scale experiment (Part 1). 
Supply duct Served room Heating load, W 
1 Bedroom 240 
2 Office room 130 
3 Living room 270 
4 Kitchen 400 
5 Bedroom 150 
6 Bedroom 150 
 
The measuring equipment used in the full-scale laboratory experiment (Part 1) is 
summarized in Table 4-2.  
Table 4-2. Information on measuring equipment used in the full-scale experiment (Part 1). 
Instrument Measured parameter Measuring error 
UltraLink Monitor FTMU Airflow rate ±5 % or ±1 l/s depending 
on which is the highest 
value 
Pt1000/TG-K3 Air temperature 0.3 + 0.005 |t|°C 
Testo 400 Air pressure ±1 Pa 
Kobolt MIK C34P Water flow rate ±2% of full scale 
Pt 1000/TG-D1 Water temperature 0.3 + 0.005 |t|°C 
Lutron DW-6163 Electric power ±5% + 5W 
 
Part 2: The HVV system integrated in the experimental chamber 
The following description of the experimental procedures is based on the published 
paper [70]. 
During the experiment, the air was supplied to the experimental chamber via a supply 
air terminal device. Two types of the supply air terminal device were examined: Type 
A – a circular valve, and Type B – three nozzles. 
The Type A air terminal device is presented in Figure 4-4 a-b. The circular valve was 
placed in the external wall of the experimental chamber, below the window (X=1.8 
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m, Y=0.0 m, Z=0.40 m, see Figure 4-1). The inlet area of the circular valve was 
blanked off with a sector plate to 120° for directing the air stream upwards, along the 
window. The Type B air terminal device is presented in Figure 4-4 c-d. The air was 
supplied through three nozzles located in the wall opposite to the window in the upper 
part of the chamber (X=1.8 m, Y=3.1 m, Z=2.5 m, see Figure 4-1). The type and 
location of the supply air terminal devices are further referred to as Configuration I 
and II for the circular valve and nozzles, respectively. A gap below the door leaf 
served as the extract air terminal device in the experimental chamber. The location of 
the air extract remained unchanged throughout the entire experiment.  
 
Figure 4-4. Supply air terminal devices used in the experiment: Type A) the circular valve 
(picture a-b) and Type B) the nozzles (picture c-d) [70]. 
In the experiment, the air temperature set point was set to 21°C. Two arrangements of 
the supply air parameters were investigated assuming two maximum supply air 
temperatures of 51°C and 36°C, correspondingly the supply-chamber air temperature 
differences (ΔT) were 30°C and 15°C. The airflow rates were set for the assigned 
supply air temperatures based on the maximum heating load in the chamber. The 
supply airflow rates were 7 l/s (ACH=0.84 h-1) and 14 l/s (ACH=1.67 h-1) for the 
supply air temperature 51°C and 36°C, respectively. For each of the two air inlet 
Configurations (I and II), the measurements were performed at both arrangements of 
the supply air parameters, in order to give understanding of the airflow behaviour 
within the chamber.  
The steady-state condition in the experimental chamber was defined as the air 
temperature at all measurement points varied less than 0.5°C in a duration of 30 min. 
The sampling rate and measuring period were in accordance with EN 13182 [72], i.e. 
the thermo-anemometer recorded data for 3 min per each measurement. Within this 
measuring time, temperature and velocity were logged every 10 s. The measurement 
was repeated twice per each measurement set.  
The measurements of the temperature and velocity were performed considering three 
vertical planes in the chamber, further referred as to Section A, B and C. In each 
section, the measurements were performed at three lines, further referred as to 
sampling lines L1, L2 and L3. The sampling lines L1, L2 and L3 were located in a 
distance of 0.25 m, 1.55 m and 2.85 m from the wall with the window, respectively. 
At each sampling line, a vertical bar equipped with eight SensoAnemo 5100SF 
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sensors was placed. The sensors were distributed along the vertical bar at levels 0.10, 
0.45, 0.80, 1.15, 1.50, 1.85, 2.20 and 2.45 m above the floor. The sections, sampling 
lines and location of the sensors are presented in Figure 4.5.  
 
Figure 4-5. Sections (dashed outline), sampling lines (marked in blue) and sensors (marked in 
red) in the experimental chamber [70]. 
The supply airflow rate was monitored and controlled by a volume flow regulator 
consisting of a measuring unit and a damper, which was installed in the supply duct. 
The supply air temperature was measured prior to the supply air terminal inside the 
supply duct. The extract air temperature was measured in the middle of the gap below 
the door leaf. Both temperatures were measured using Pt100 resistance thermometers. 
The surface temperature was measured by means of infrared radiation thermometer 
AMiR 7811 in the middle and close the corners of each wall in the chamber. 
Additionally, the smoke visualization was performed in order to map the airflow 
distribution within the chamber.  
Air velocity magnitude and air temperature distribution were measured using a 
Thermo-Anemometer transducer SensoAnemo 5100SF.  
Detailed information on the measurement instruments used in the experimental 
chamber is presented in Table 4-3.  
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Table 4-3. Information on measurement instruments used in the experimental chamber (Part 2) 
[70]. 
Instrument Measured parameter Measuring error 
Ametek KM 4 Pt100  Ambient, extract and 
supply air temperature 
0.2°C ± 0.5% reading 
AMiR 7811  Surface temperature ±1 % of measured value or 
±1 K (whichever value is 
higher) 
SensoAnemo 5100SF Air temperature ±0.2°C 
SensoAnemo 5100SF Air velocity magnitude 0.02 m/s ±1.5% of 
readings 
VRU Supply airflow rate ±10% (1.2 - 3 m/s) 
 
4.4. NUMERICAL SIMULATIONS 
Numerical simulations were performed to evaluate the performance of two types of 
the supply air terminal devices intended for application in newly developed HVV 
system. The performance of the HVV system was quantified in terms of the provided 
thermal conditions. The results were analysed with respect to the air temperature and 
air velocity patterns and the local thermal discomfort due to draught. Further, a 
numerical parametric analysis was carried out for investigating the provided indoor 
thermal environment for a wider range of boundary conditions, including the 
influence of cold vertical surfaces, the influence of supply air temperature and supply 
airflow rate, and the influence of heating energy demand in the chamber. 
The following description of the numerical simulations is based on a published paper 
[70]. 
Airflow modelling 
The airflow was modelled based on the conservation equations of mass, momentum 
and energy. The present study employed the Realizable 𝑘 − 𝜖 model to simulate 
airflow characteristics under turbulent airflow conditions. The model describes 
turbulence by means of two transport equations for turbulence kinetic energy 𝑘 and 
dissipation rate 𝜖. The Realizable 𝑘 − 𝜖 model has been applied in many previous 
research works [73, 74] and proved to be appropriate for indoor climate simulations 
[75]. All these equations can be written in the general form of a transport equation as: 
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𝝏(𝝆𝝓)
𝝏𝒕
+ 𝛁 ∙ (𝝆𝝓?⃗⃗? ) = 𝛁 ∙ (𝚪𝝓𝛁𝝓) + 𝑺𝝓 (4.9) 
Where 𝜙 represents the corresponding transported quantity, ?⃗?  is the air velocity 
vector, 𝜌 is the air density, Γ𝜙 is the (effective) diffusivity and 𝑆𝜙 is the source term.  
The computational domain was a replica of the experimental chamber, which was 
subdivided by unstructured grids that consisted of tetrahedral cells. The geometry of 
the supply air terminals were modelled in detail to obtain valid simulation results. In 
order to minimize false diffusion and dispersive errors in areas with high gradients, 
the grids were locally refined near the walls and regions with large gradients such as 
supply and extract air terminals. The grid independence was tested by considering 
three different grid resolutions. Coarse (0.57 million cells), medium (1.08 million 
cells) and fine (1.50 million cells) grids were generated and the results showed no 
considerable differences between the fine and medium grid in the predictions of 
airflow. Since increasing the grid resolution showed no significant improvement in 
the predictions, the medium grid was adopted.  
The heat flux boundary condition was imposed on the window to simulate the heat 
loss, whereas the adiabatic conditions were assigned to all other solid boundaries, i.e. 
floor, ceiling and all walls. The Discrete Ordinate (DO) model was adopted for 
radiation modelling. The simulations were accomplished using ANSYS Fluent 18.2. 
Model validation 
The numerical model was validated by comparing the simulated air temperature 
distribution with data measured in the Part 2 of the experimental work. The validation 
was performed for both Configurations at the supply air temperature of 51°C 
(ΔT=30°C) and the supply airflow rate of 7 l/s (0.84 ACH). The comparisons are 
shown for Section C at the sampling lines L1, L2 and L3 in Figure 4-6.  
For Configuration I, the predicted temperature profile well matches the measured 
results. For Configuration II, although the simulation slightly under-predicts the 
temperature level in the lower part of the chamber, the simulation results show 
reasonably good overall agreement with the experimental data. The discrepancy might 
be ascribed to the uncertainties in the boundary conditions (e.g. there might exist heat 
transfer through the walls of the chamber). The relative error between the predicted 
and measured values was on average 2.20 % and 4.61 % for Configuration I and II, 
respectively.   
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Figure 4-6. Comparison of vertical air temperature distribution by numerical simulations and 
experimental results for: a) Configuration I and b) Configuration II [70]. 
Parametric studies 
The parametric studies focused on the flow behaviour under various conditions and 
their impact on the local thermal discomfort due to vertical air temperature differences 
and draught. The parametric studies were performed for both Configurations. The 
analysis started from a base model, which was the same for either Configurations. In 
the base model, both the supply air parameters and the boundary conditions were kept 
identical as those considered in the validation. Namely, the supply air temperature 
was 51°C (ΔT=30°C), the supply airflow rate was 7 l /s (ACH=0.84 h-1). The total 
transmission heat loss, assigned as a constant heat flux to the window surface was 234 
W. Other solid surfaces were all set as adiabatic walls. 
The parametric studies were carried out by altering the base model and performing 
numerical simulations. The study was carried out to predict the results for a wider 
range of operational parameters and boundary conditions and to illustrate the effect of 
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these changes on the air distribution and thermal conditions in the investigated 
chamber. 
The altered parameters were selected based on their potential influence on the air 
distribution. The analysis included the effect of the cold vertical surfaces, the supply 
air parameters and the heating energy demand in the chamber. Parametric studies were 
performed for both Configurations using identical sets of parameters. The input 
parameters for the parametric studies are summarized in Table 4-4. 
Table 4-4. Input parameters used in the parametric studies [70]. 
Case Analysed 
influence 
Supply-
chamber air 
temperature 
difference, 
°C 
Air 
change 
rate,  
h-1 
Surface with 
heat flux  
Heating load,  
W 
Internal 
heat 
gains, W 
A - 
(base model) 
30.0 0.84 window  -234 0 
B cold surface  30.0 0.84 window, wall 
with the 
window 
-234 0 
C cold surface  30.0 0.84 window, wall 
with the 
window, left 
site wall 
-234 0 
D supply air 
parameters 
22.5 1.19 window -234 0 
E supply air 
parameters 
15.0 1.67 window -234 0 
F heating load 22.3 0.84 window -234 60 
G heating load 10.7 0.84 window -87 0 
 
 
4.5. REAL-LIFE BUILDING MEASUREMENTS 
The HVV system was installed in an existing single-family building located in Capital 
Region of Denmark. The building was one-storey detached building built in 1959. 
The floor area of the building was 145 m2. The building was occupied by two persons. 
The average U-values of the external walls and windows were 0.7 W/(m2∙K) and 1.6 
W/(m2∙K), respectively.  
The real-life measurement activities consisted of: 
a. Monitoring of the indoor air temperatures in a period January – April 2019. 
b. Measuring of the local thermal comfort provided by the HVV system. The 
local thermal comfort was evaluated in terms of vertical air temperature 
difference and draught rate. 
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c. Evaluation of the perceived indoor climate based on an interview. 
The building consisted of three bedrooms, kitchen, living room, one bathroom and a 
boiler room. The building layout is presented in Figure 4-7. The supply air terminal 
devices were installed in all rooms except the boiler room. The air was extracted in 
the bathroom and in the living room. Two types of the supply air terminal device were 
installed in the building. Namely, circular air valves were mounted in the ceiling in 
all bedrooms and floor mounted air terminals were installed in the kitchen and living 
room. 
 
Figure 4-7. Layout of the building and the location of the measuring stands (MS 1-5) for the 
local thermal comfort measurements. 
The air velocity and air temperature profiles were measured in the bedroom 2 and 
living room at the me at 0.1 m, 0.6 m, 1.1 m and 1.7 m above the floor. The location 
of the measuring stands is presented in Figure 4-7. 
Detailed information on the measurement instruments used in the real-life 
measurements is presented in Table 4-5. 
Table 4-5. Information on measuring equipment used in the real-life measurements. 
Instrument Measured parameter Measuring error 
SensoAnemo 5100SF Air temperature ±0.2°C 
SensoAnemo 5100SF Air velocity magnitude 0.02 m/s ±1.5% of 
readings 
IC meter Air temperature ±0.3°C 
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4.6. MEASUREMENT UNCERTAINTY 
The measured data were analysed in accordance with the ISO guide to the expression 
of uncertainty in measurement [76]. The reported expanded uncertainty is based on a 
standard uncertainty multiplied by a coverage factor k=2, providing a level of 
confidence of approximately 95%. 
Part 1: The HVV system in the full-scale laboratory experiment 
During the experiment, the air temperature was measured with the accuracy of ±(0.3 
+ 0.005| t |), the static pressure was measured with the accuracy of ±1 Pa, and the 
airflow rate was measured with the accuracy of ±5% of reading. The combined 
expanded measurement uncertainty of the coil heat transfer effectiveness was 
estimated to vary from 0.12 at the highest airflow rate passing through the heating coil 
(i.e. 68 l/s ) to 0.34 at the lowest measured airflow rate passing through the heating 
coil (i.e. 11 l/s). The largest contribution to the uncertainty of the effectiveness is 
represented by the uncertainty of the difference in specific enthalpies of water at the 
inlet and the outlet of the heating coil, which can be ascribed to small differences in 
measured inlet and outlet water temperatures, and the accuracy of the temperature 
sensors. The maximum and average expanded uncertainty of the total energy use of 
the HVV system was estimated to 2.6 W and 2.1 W, respectively. 
Part 2: The HVV system integrated in the experimental chamber 
During the experiment, the air velocity probes were calibrated using a dedicated wind 
tunnel in the range of 0.05 to 5 m/s with the accuracy of 0.02 m/s ±1.5% of reading. 
The temperature probes were calibrated in the range of -10 to +50°C with the accuracy 
of ±0.2°C. 
Real-life building measurements 
During the measurements in the real-life building, the air velocity was measured with 
the accuracy of 0.02 m/s ±1.5% of reading and the air temperature distribution was 
measured with the accuracy of ±0.2°C. The room air temperature was measured with 
the accuracy of ±0.3°C. 
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CHAPTER 5. RESULTS AND 
DISCUSSION 
The following chapter presents and discuss the results from the laboratory 
experimental work, numerical simulations using Computational Fluid Dynamics 
(CFD) and real-life measurements in a single-family residential building. 
 
5.1. LABORATORY EXPERIMENT 
The ability of the HVV system to control the air temperature on room level was 
demonstrated in the full-scale laboratory experiment (Part 1).  
In the HVV system, the temperature of the supply air is controlled independently at 
each of the outlets of the manifold. By controlling the supply air temperature, the 
HVV system is able to satisfy various heating demands in all served rooms.  
Figure 5-1 illustrates the variation of supply air temperature (t2) in relation to the 
position of the heat valve. The supply air temperature measured in the main supply 
duct (t1), was constant and of 22°C. In addition, the air temperature was measured 
inside the heated part of the manifold (t2). The temperature measured inside the 
manifold remained relatively constant and of 25 °C. An increase in the temperature 
inside the manifold (t2) could be observed between the measurements in the position 
of the heat valve 30° and 45°. This could be ascribed to the variation in the temperature 
of the water supplied to the heating coil in the manifold.  
When the air passes through the manifold, undesirable heat transfer may occur inside 
the manifold. Therefore, the temperature in the supply duct (t3) was higher than the 
temperature in the main duct (t1). The temperature t3 increased while changing the 
heat valve position. In the full open position (90°), t3 was 52 °C, which relatively 
close to the temperature t2 measured after the heating coil.  
Figure 5-2 presents the total airflow rate and the measured static pressure difference 
in relation to the position of the heat valve. The difference of the static pressure 
measured in the main duct and the individual supply ducts varied between 43 Pa, for 
the heat valves position of 0°, i.e. when the air bypasses the heating coil, and 55 Pa at 
the heat valves position of 45°, when the air passes through both, heated and unheated 
parts of the manifold. This can be ascribed to the increased resistance created at the 
heat valve in mixing positions, i.e. 30°, 45°, 60° and 75°. Therefore, the total airflow 
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rate dropped ±5%, from 56.4 l/s at full closed position (0°) to 53.5 l/s at mixing 
position (45°). 
 
Figure 5-1. Supply air temperature in relation to the position of the heat valve. 
 
 
Figure 5-2. Total airflow rate and static pressure in relation to the position of the heat valve. 
Figure 5-3 shows the effectiveness of the coil heat transfer between water and air in 
the manifold. The effectiveness varied between 0,79 at the lowest airflow rate, 
i.e. 11 l/s, and 0,94 at the highest airflow rate, i.e. 68 l/s. The exchange of heat can be 
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carried out with high effectiveness due to the counter-flow nature. Thus, the system 
can operate efficiently both at a full-load and at a part-load. The lowest effectiveness 
of the heat coil transfer (0.79) might be ascribed to the thermal losses occurring along 
the manifold.  
 
 
Figure 5-3. Effectiveness of the coil heat transfer in the manifold. 
Figure 5-4 illustrates the energy use of the HVV system in relation to the water 
temperature at the inlet of the heating coil. Depending on the water temperature at the 
inlet to the heating coil, the energy used by the HVV system varied significantly. The 
results show that the minimum energy use of the system occurred at the supply air 
temperature of 52°C and the supply airflow rate of 56 l/s. A reason for the obtained 
results can be that the maximum theoretical COP of the heat source was consider in 
the calculation. Another reason contributing to the result was the low efficiency of the 
fans in the air handling unit used in the HVV system prototype. The efficiency of the 
fans was of 10%.  
Figure 5-5 show the energy use of the HVV system, considering different thermal 
reservoirs resulting in different COP of the heat source. It can be seen that the 
minimum energy use of the HVV system was found at the temperature of water at the 
inlet to the manifold of 47.9°C, which corresponded to the total supply airflow rate of 
65 l/s. 
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Figure 5-4. HVV system energy use in relation to the water temperature at the inlet to the 
heating coil, considering maximum theoretical COP of the heat source. 
 
 
Figure 5-5. HVV system energy use in relation to the water temperature at the inlet to the 
heating coil, considering outside air, ground and ground water as the hot reservoir for the 
calculations of the COP of the heat source. 
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In the Part 2 of the experiment the HVV system was integrated in the experimental 
chamber. 
The following description of the results from the experiment carried out in the 
chamber are based on [70].  
Figure 5-6 presents the results from the smoke visualization for Type A and Type B 
of the supply air terminal device. For each Type, the visualization was performed for 
both arrangements of the supply air parameters, namely 51°C at 7 l/s (ACH=0.84 h-
1, ΔT=30°C) and 36°C at 14 l/s (ACH=1.67 h-1, ΔT=15°C).  
For Type A supply air terminal device (Figure 5-6 a), the smoke visualization test 
showed how the airstream accelerated upwards and moved in radial patterns along 
with the window. When the air reached the ceiling, it spread to the sidewalls and 
moved along the walls towards the floor. Then the air in the jet mixed completely with 
the air in the chamber within the entire space. This indicated that the air jet discharged 
from the air inlet below the window would be able to provide sufficient air mixing in 
the entire chamber. For both investigated arrangement of the supply air parameters, 
similar airflow patterns were observed. This proved that the parameters of the supply 
air had no significant influence on the flow pattern in the experimental chamber, when 
the air was supplied using Type A supply air terminal device. 
When using Type B supply air terminal device (Figure 5-6 b), the warm air was 
introduced in the upper part of the chamber. For the supply air parameters arrangement 
51°C at 7 l/s (ACH=0.84 h-1, ΔT=30°C), it was observed that the air in the jet moved 
along the ceiling toward the external wall and the window. When the air jet reached 
the opposite side of the chamber, the supplied warm air remained in the upper part of 
the chamber. For the supply air parameters of 36°C at 14 l/s (ACH=1.67 h-1, 
ΔT=15°C), the air in the jet initially tended to attach to the ceiling surface. As the 
buoyancy forces became greater than the inertia of the airstream, the jet detached from 
the ceiling approximately in the middle of the chamber. The visualisation revealed 
different airflow patterns in the chamber between the investigated supply air 
parameters arrangements. Nevertheless, for both arrangements of the supply air 
parameters, fully mixed conditions were not observed within the time of recording 
(~1min). Moreover, the observed airflow patterns indicated a possible risk of 
increased vertical air temperature differences inside the chamber.  
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Figure 5-6. Smoke visualization of the airflow pattern for air terminal devices: (a) Type A, the 
view on the wall with the window; and (b) Type B, the view on the sidewall, the wall with the 
window is on the left side [70]. 
 
5.2. NUMERICAL SIMULATIONS 
The following description of the numerical simulations results is based on a published 
paper [70]. In the following description, the experimental chamber utilized in the Part 
2 of the experimental work is further referred to as room. 
Vertical air temperature distribution 
To evaluate the vertical air temperature difference in the room, two horizontal planes 
(XY-planes) were considered at 0.1 and 1.8 m above the floor, representing the 
boundaries of the occupied zone. The comparisons of the air temperature level 
between these two planes were made for each of the investigated supply air 
Configurations. The results are shown in Figure 5-7. When using Configuration I, the 
maximum air temperature difference between the level of 0.1 m and 1.8 m above the 
floor was 1.4°C. The room air temperature across both of the considered planes 
remained mostly uniform, at 20.4°C and 21.8°C at 0.1 m and 1.8 m, respectively. 
However, higher temperatures (22.4 – 23.0°C) could be observed near the window at 
the level of 1.8 m. The uniform air temperature distribution at the level of 0.1 m above 
the floor and the higher temperatures observed in the window vicinity at the level of 
1.8 m above the floor indicate that the warm air supplied below the window 
counteracts the downdraught that is caused by the cold window surface.  
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In Configuration II, where the air was supplied in the upper part of the room, the 
maximum vertical air temperature difference was 2°C. The room air temperature 
remained uniform (21.8°C) at the level of 1.8 m above the floor. At the level of 0.1 m 
above the floor, the air temperature level varied between 19.6°C and 20.4°C. The 
lowest temperature value (19.6°C) was observed near the window and in the central 
part of the room. This may indicate a weakness in counteracting the cold downdraught 
caused by the window surface when using Configuration II. However, it should be 
taken into consideration that the total heat loss in the room (234 W) was only assigned 
as a heat flux to the window surface and thus could result in an increased downdraught 
and in consequence lower air temperatures below the window. For both 
Configurations, the results showed that the maximum vertical air temperature 
difference in the occupied zone did not exceed 3°C, which is a limit for the acceptable 
thermal environment for comfort recommended by (77, 78). 
 
Figure 5-7. Temperature contour plot for Configurations I and II at the XY-planes at 0.1 m and 
1.8 m above the floor. 
Air velocity distribution 
The air velocity distribution inside the room was analysed. The results are presented 
in Figure 5-8. The results are shown in a vertical plane in the middle of the room (YZ-
plane, X=1.8 m). This location was found the most representative as the vertical plane 
cut covers a rather large part of the inlet air plumes. High air velocity (> 0.15 m/s) 
was observed along the air jet supplied to the room for both Configurations. Moreover, 
A NEW COMBINED VENTILATION AND HEATING SYSTEM ENABLING AIR TEMPERATURE CONTROL ON ROOM 
LEVEL 
64
 
in Configuration I, increased air velocity was also observed along the wall with the 
window and near the ceiling. The air velocity inside the occupied zone was found 
between 0.0 – 0.08 m/s. In Configuration II, the results showed that higher air velocity 
(> 0.15 m/s) occurred in the area below the window and near the floor, which may 
indicate a draught risk. The air velocity within the occupied zone remained between 
0.0 – 0.2 m/s. 
 
Figure 5-8. Velocity contour plot for Configurations I and II in the centre of the room at the 
YZ-plane. 
Parametric studies 
The following sections present the results of the parametric studies. The influence of 
the analysed factors on the local thermal discomfort, vertical air temperature 
difference and draught risk within the entire occupied zone were examined in 
accordance with ISO Standard 7730 [78]. The summary of all simulated in the 
parametric studies cases can be found in Table 4-4 in Chapter 4.  
Cold vertical surfaces, such as windows, may generate thermal discomfort in rooms, 
due to radiation effects and cold downdraughts caused by natural convective flows 
from these surfaces. One of the factors influencing the air velocity in a room, 
especially close to the window and at the floor level, is the temperature difference 
between the inner window surface and the air in the room. The temperature of the 
inner window surface depends on the outside air temperature and window heat 
transmittance coefficient (U-value). Even high-performance windows should be 
considered as potential draught generators if the external temperature is lower than -
5°C [79]. A heating source usually is placed beneath a window to compensate for 
radiative asymmetries and to avoid draught risk from cold air downdraught.  
The influence of the cold vertical surfaces on the air distribution in the investigated 
room was examined in cases B and C. The base model (case A) considered the total 
heat loss in room 234 W, assigned as a heat flux to the window surface only. In case 
B and C, the total heat loss was distributed between the window surface and the 
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surface of one (case B) or two walls (case C), considered as external walls. As the 
total heat loss was kept the same for all three cases, heat flux on the window surface 
decreased to 160 W in case B and 72 W in case C.  
For Configuration I, in which the air inlet was placed below the window, both case B 
and case C gave results comparable to the base model case in terms of air velocity and 
temperature patterns, but with a higher air temperature gradient (Figure 5-9 a). The 
vertical air temperature difference in the room increased by 0.4°C and 0.8°C in case 
B and case C, respectively. For Configuration II (Figure 5-9 b), in which the warm air 
was supplied in the upper part of the room, no significant changes in the temperature 
distribution patterns and the air temperature gradient was observed. Similarly, the air 
velocity patterns in case B and C followed the base model case across the middle and 
upper part of the room (0.5 m – 2.5 m above the floor). However, at the level of 0.1 
m above the floor, considerably lower air velocities compared to the base model case 
were noticed. Namely, the air velocity reduced from 0.14 m/s to 0.10 m/s in case B 
and to 0.05 m/s in case C. The temperature of the inner window surface significantly 
influences the air velocity close to the window and at the floor level in a room. The 
temperature of the inner window surface depends on the U-value of the window, 
which in case A was of 3.37 W/(m2K). This value is greatly higher than the U-values 
of the windows currently available on the market (0.83 – 1.5 W/(m2K)). Lower air 
velocities (0.05 - 0.10 m/s) are expected in a room with high performance windows, 
which are commonly used in low energy buildings. 
The main criterion, when dimensioning the operational parameters of the HVV 
system, i.e. supply airflow rate and supply air temperature, is the maximum heating 
load that has to be covered by the system. A minimum supply airflow rate should be 
always ensured to maintain the necessary air quality in the space. Supplying the air at 
a relatively high supply air temperature and the minimum required supply airflow rate 
can save energy used by the supply fan in the system, but it may reduce the rate of air 
mixing inside the space. Increasing the supply airflow rate may improve air mixing; 
however, this would increase the energy used by the system and require larger space 
for the ductwork to avoid excessive pressure drop and air velocities inside the ducts. 
In this section, three combinations of the dimensioning supply air parameters were 
studied to identify whether decreasing the required maximum supply air temperature, 
and consequently, increasing the required supply airflow rate may benefit the indoor 
thermal environment in the room.  
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Figure 5-9. Air temperature (left) and air velocity (right) distribution for: a) Configuration I and 
b) Configuration II. Case A represents a base model case and it is marked in black. The dash 
lines indicate the occupied zone. 
The influence of the supply air parameters on the air distribution was investigated in 
cases D and E. In the base model (case A) the air was supplied at the temperature of 
51°C and airflow rate of 7 l/s (ACH=0.84 h-1, ΔT=30°C). In case D, the supply air 
temperature was decreased to 43.5°C (ΔT=22.5°C). The supply airflow rate of 10 l/s 
(ACH=1.19 h-1) was set for the assigned supply air temperature based on the total heat 
loss and the air temperature setpoint in the room. In case E, the supply air temperature 
was further decreased to 36°C (ΔT=15°C) and the supply airflow rate of 14 l/s 
(ACH=1.67 h-1) was set by analogy with the case D. The total heat loss and the air 
temperature setpoint in the room remained unchanged in both cases (see Table 4- in 
section 3.3).  
The results are shown in Figure 5-10. In Configuration I (Figure 5-10 a), the supply 
air parameters used in simulation of case E provided almost uniform temperature 
environment in the room, with a slightly lower temperature level at 0.1 m and 0.4 m 
above the floor. The results obtained in Case E also showed higher air velocity levels 
(~0.10 m/s) occurring in the occupied zone, indicating complete mixing of air in the 
room. Figure 5-10 b) shows the results from the simulations of Configuration II.  It 
was observed that supplying the air at higher airflow rate (ACH=1.19 h-1) and lower 
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air temperature (ΔT=15°C) in case D and case E, resulted in higher vertical air 
temperature differences within the occupied zone (maximum 2.2°C and 2.6°C in case 
D and E, respectively) comparing to the base model case (1.2°C). At the same time, 
the maximum vertical air temperature difference within the entire room decreased. 
Both cases gave comparable results in terms of the air velocity distribution within 
most of the occupied zone; however, in the upper part of the room (1.7 m above the 
floor), the air velocity levels increased significantly (from 0.06 m/s to 0.12 and 0.15 
m/s in case D and E, respectively). The increase in air velocities in the room appears 
to be due to the greater entrainment of the air surrounding the supply air jet. The 
greater the momentum the induced air achieves, the greater the penetration into the 
occupied zone there will be. This results in a larger proportion of the warm supply air 
being carried directly into the occupied zone and causing the higher vertical air 
temperature differences in the occupied zone.  
 
 
Figure 5-10. Air temperature (left) and air velocity (right) distribution for: a) Configuration I 
and b) Configuration II. Case A represents a base model case and it is marked in black. The 
dash lines indicate the occupied zone. 
Influence of heating energy demand 
Heating energy demand in a room decreases as the temperature difference between 
outdoor and the room air decreases or in case of the presence of internal heat gains, 
e.g. a presence of a person, in the room. As the control of the heating energy delivered 
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via the ventilation system to the room is achieved through regulating the supply air 
temperature, reduction in heating demand will result in reduced supply air 
temperature. Moreover, in case of the presence of internal heat gains, a considerable 
amount of air is transported in thermal plumes above internal heat sources. Buoyancy 
forces, created as a result of the presence of internal heat sources, may have a major 
influence on the flow behaviour of the room air and, consequently, on the thermal 
environment in the room.  
The airflow behaviour in the room and its influence on the air temperature and velocity 
distribution under different heating energy demands were investigated in cases F and 
G. In case F, the room was considered as occupied by one person, contributing to 60 
W of internal gains in the room. Thus, the total heat loss of 234 W in the room was 
compensated partially by the internal heat gains from the person. The remaining 174 
W of the heating energy demand was covered by the ventilation system. In case G, 
the total heating load in the room was decreased from 234 W to 87 W corresponding 
to the total heat loss due to the transmission that would occur in the room at the 
outdoor air temperature of 10°C.  In case G, no internal gains were added to in the 
room, thus, the total heating energy demand of 87 W had to be covered by the 
ventilation system. 
 
Figure 5-11. Air temperature (left) and air velocity (right) distribution for: a) Configuration I 
and b) Configuration II. Case A represents a base model case and it is marked in black. The 
dash lines indicate the occupied zone. 
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Figure 5-11 presents the results of the simulated Cases F and G. In general, decreased 
heating energy demand in the room resulted in more uniform temperature distribution 
for both of the considered Configurations. Specifically, the significant decrease in the 
heating energy demand in case G, and consequently the reduction in the temperature 
difference between supply air and room air, led to more uniform air temperature 
distribution and higher temperatures in the lower part of the room and, thus, to better 
thermal comfort in the room comparing to the base model case. When using 
Configuration I, the velocity patterns between 0.6 m and 1.7 m above the floor were 
different from the base model case in both cases G and F. The air velocity patterns 
were, however, similar to each other for these cases. In Configuration II, the air 
velocity at the level of 0.1 m above the floor decreased in Case G. Besides, no 
significant change on air velocity distribution was observed in Configuration II.  
The predicted distributions of air velocity in case of presence of a person in the 
investigated room (Case F) are presented in Figure 5-12. In comparison to the base 
model case (Figure 5-8), different air velocity patterns could be observed in the middle 
of the room, due to the buoyancy-driven flow created by the warm surface of the 
mannequin. In addition, higher air velocities (~0.23 m/s) were observed below the 
window and at the floor level close to the window in Configuration II, indicating that 
the buoyancy forces, created as a result of the presence of person in the room may 
contribute to formation of downdraught below the cold surfaces in the room. 
 
Figure 5-12. Velocity contour plot for Configurations I and II in the centre of the room at the 
YZ-plane for Case F. 
The present investigation focuses on a low-energy building, defined as Building class 
2020 in [23], thus, the study was limited to the relatively low heating loads. Moreover, 
the study does not focus on the influence of air infiltration on the air distribution and 
heat distribution in the room. Even though, a short discussion on the room heating 
load and the infiltration is further presented. In case a building with no sufficient 
insulation, in which the infiltration is of a significance and the heating loads are higher 
than in the present investigation, covering the heating demands would require either 
a significantly higher supply air temperature or a higher airflow rate, i.e. a higher 
volume of air than would be required for ventilating. This might significantly 
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influence the indoor thermal environment by e.g. causing a draught in the occupied 
zone and changing the temperature distribution patterns inside the room. Besides, the 
required airflow rates might lead to an excessive energy use of a HVV system due to 
increased pressure drop and air velocities inside the ducts .Thus, the heating capacity 
of the HVV system may constitute a limitation when considering a building with a 
higher space heating energy demand. 
Considerations on local thermal comfort 
The maximum vertical air temperature difference inside the entire room was found in 
case C (2.45°C) for Configuration I and in case A (4.30°C) for Configuration II. The 
temperature difference in the occupied zone did not exceed 3°C in any of the 
investigated cases for both Configurations. The results are presented in Table 5-1. 
Table 5-1. Local thermal comfort - results from the parametric studies [70]. 
Case Maximum vertical air temperature 
difference, °C 
Draught rate, % 
 Inside the whole 
room (0.0 - 2.7 m) 
Inside occupied 
zone (0.1 - 1.8 m) 
Inside occupied 
zone (0.1 - 1.8 m) 
Configuration I    
A 1.49 1.32 3.21 
B 2.15 1.71 4.43 
C 2.45 2.14 3.93 
D 1.27 0.96 7.88 
E 0.70 0.57 16.47 
F 1.02 0.79 6.35 
G 0.56 0.41 5.62 
Configuration II    
A 4.30 1.25 18.09 
B 4.10 1.09 12.23 
C 4.11 1.27 3.29 
D 3.30 2.21 15.76 
E 2.83 2.60 17.05 
F 3.38 1.84 20.63 
G 1.61 0.72 9.92 
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The draught rate did not exceed 20% as recommended by [77, 78] in any of the 
investigated cases for Configuration I. For Configuration II, higher draught rate values 
(15 - 20%) were along the wall below the window and along the floor close to the wall 
with the window. These values may be an indication of local thermal discomfort due 
to the draught. However, the high value of heat flux (234 W) through the window and 
its contribution to the cold downdraught should be taken into considerations. 
 
5.3. REAL-LIFE BUILDING MEASUREMENTS 
Room air temperature 
The indoor air temperatures monitored were monitored in six rooms in the building. 
Figure 5-13 and 5-14 presents the measured indoor air temperatures during a winter 
and a spring day, respectively.  
 
Figure 5-13. Indoor air temperatures monitored in the six rooms during a winter day (1-02-
2019). 
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Figure 5-14. Indoor air temperatures monitored in the six rooms during a spring day (1-05-
2019). 
The desired temperatures (the set points) were of 23°C in all rooms during the period 
of monitoring the room air temperatures in the winter. The temperature set points were 
changed in bedroom 1 and bedroom 3 to 22°C and 21°C, respectively, in the spring 
since the rooms were mostly unoccupied. The internal doors to the bedroom 1 and 
bedroom 3 were kept closed. The results showed that it was possible to maintain 
various temperature set points in different rooms provided that the doors remained 
closed. Excessive indoor air temperature (of a maximum 28°C) were observed in the 
living room between 12:00 and 20:00. This might be due to the presence of the solar 
heat gains. That might also be caused by the changes in the HVV system settings done 
by the users. 
Measured local thermal comfort 
Figure 5-15 illustrates vertical air temperature difference measured in bedroom (MS1 
and MS2) and living room (MS3, MS4 and MS5). The maximum measured vertical 
air temperature difference was of 2.0°C and 1.3°C in the bedroom and living room, 
respectively. Table 5-2 presents the maximum measured draught rate. The measured  
draught rate did not exceed 20% as recommended by [77, 78] in any of the measured 
points. 
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Figure 5-15. Vertical air temperature difference measured in bedroom (MS1 and MS2) and 
living room (MS3, MS4 and MS5). 
 
Table 5-2. Maximum measured draught rates. 
Height MS 1 MS 2 MS 3 MS 4 MS 5 
0.1 m 0 % 0 %  3.7 % 1.9 % 6.5 % 
0.6 m 0 % 0 % 5.4 % 4.3 % 8 % 
1.1 m 0 % 0 % 5.4 % 5.6 % 4.1 % 
1.7 m 0 % 1.1 % 0 % 5.8 % 13.2 % 
 
Perceived local thermal comfort 
Two persons were living in the house at the time of the measurements. In general the 
thermal conditions in the house is perceived acceptable; however, a variation of indoor 
air temperatures in relation to the weather conditions reported. In addition, perceived 
draught rate was reported by one of the tenants. Despite the fact that the temperature 
set points were maintained in all rooms, the air temperatures in the living room and 
kitchen were perceived as too cold in the winter time. An intermittent heating source 
had to be used in the living room.  
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The occupants preferred the thermal conditions in the rooms, where the supply air 
terminal device was located in the floor. The occupants are more satisfied when the 
air was supplied to the rooms at higher air temperature and lower airflow rates, as 
during the hours when the heating demand is low (e.g. at the presence of solar heat 
gains), they occupants perceive that the airflow rates supplied to the rooms are too 
high, mentioning that ‘it is difficult to adapt to new air all the time’. The occupants 
would prefer a system where the both the supply air temperature and the supply 
airflow rate can be regulated individually in each room. 
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CHAPTER 6. CONCLUSION  
In this work, a new heat valve ventilation system enabling air temperature control on 
room level was proposed. The performance of the HVV system was studied in the 
laboratory experiments performed on the prototype of the HVV system. Further, 
numerical simulations were performed to evaluate the performance of two types of 
the supply air terminal devices intended for application in newly developed HVV 
system. In addition, the HVV system was installed in a single-family house. 
 
6.1. CONCLUDING REMARKS 
Based on the results achieved is this work, the following conclusions can be outlined: 
 The HVV system was able to achieve air temperature control on room level 
with the aid of the centralized heating coil and the heat valves installed in the 
manifold. It was possible to control the supply air temperature within a range 
of 25 - 52°C. 
 
 HVV system can be used as a solution for residential buildings with low 
heating energy demand (~ 10 W/m2), where the heat losses are almost 
equally covered by solar gains, internal gains and the heating system.  
 
 Neither a significant thermal stratification, nor the draught rate were revealed 
in the numerical analysis of the HVV system performance. The results 
showed that both of the applied air terminal devices could avoid temperature 
stratification within the occupied zone. The maximum air temperature 
difference between 0.1 and 1.8 m above the floor was 2.1 °C when using a 
circular valve placed in the external wall below the window and 2.6 °C in the 
case when the air was supplied through three nozzles located in the wall 
opposite to the window in the upper part of the room. In general, placing the 
air terminal device below the window provided more uniform air 
temperature distribution and contributed to the prevention of downdraught 
caused by a cold window surface. 
 
 A successful operation of the HVV system in a real-life building was 
demonstrated. The measurements of the indoor air temperatures and the air 
temperature and air velocity profiles showed that the HVV system 
maintained the desirable thermal conditions in all of the rooms in the 
building. In addition, provided that the internal doors were closed, it was 
possible to maintain different temperatures in the rooms. 
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6.2. FUTURE WORK 
Based on the research conducted in this study, the following recommendations for the 
future work are presented: 
 Enabling supply airflow rate control on room level. Further development and 
analysis of the HVV system should be carried out in terms of applying 
different control strategies (e.g. water temperature and flow rate control), 
including implementation of the supply airflow rate control on room level.  
 
 Annual energy performance. The annual energy performance of the HVV 
system should be further studied based on a real-life data. 
 
 Implementation in a multi-apartment building. The HVV system may be 
implemented in a multi-apartment building in two configurations, i.e. 
centralized and decentralized. 
 
 Improvement of the manifold design. In order to minimize the thermal loss 
along the manifold, the connection of the outlets in the manifold in two rows 
may be considered. By this, the heating coil part of the manifold (currently 
the top part) would be surrounded by the empty part (currently the bottom 
part). Thus, reducing the contact of the hot surface with the surrounding 
environment. Moreover, such a change in the design would result in more 
compact size of the manifold. Another possibility of further development of 
the system is to integrate a cooling coil in the manifold. This would enable 
the system both heating and cooling of the supply air. 
 
 Implementation of the wireless control. Building automation and electronic 
monitoring of technical building systems have proven to be an effective 
replacement for inspections, in particular for large systems. The installation 
of such equipment should be considered to be the most cost-effective 
alternative to inspections in multi-apartment buildings.   
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